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In September 2013 five hundred earthquakes were detected in the Spanish north-east coast. The seismic 
activity did not generate any perceptible tsunami, but the quakes were strong enough to alert about the 
seismic potential in the area, and its associated hazard. Although tsunamis have low probability to occur in 
the Mediterranean Sea, some of the more destructive tsunamis in history have occurred in this sea. The last 
tsunami took place in 2003, at the Alboran Sea, hitting the Algerian coast and travelling towards the North to 
finally arrive to the Balearic Islands, sinking small boats and causing important economic losses.  
Tsunamis are large sea waves produced by earthquakes, landslides or any other abrupt sea-surface 
disturbance. Their period can vary between minutes to hours, and their wave lengths from tens to hundreds 
of kilometres. These waves, only a few centimetres high in deep ocean, travel very fast until they reach 
shallower waters, where their wave amplitude can increase up to several meters.  
In this thesis the tsunami hazard in the Catalan Coast is studied and evaluated. The main goal is to 
determine the impact of such events on the coast and to assess the conditions that could cause damage to 
coastal structures. The study starts with the identification of the tsunamigenic potential sources from existing 
studies. The existing offshore fault cartography provided a total of 5 faults with length between 40km and 
120km that could generate large earthquakes (Mw>7.0) and, thus, be possible sources for tsunamis. The 
Worst-case Credible Tsunami Scenario has been assumed in each fault to assess the impacts and to 
determine the maximum water elevation, used to localize the areas with major hazard associated.  
Tsunami generation and propagation has been characterized by means of the numerical model COMCOT, a 
shallow water equations solver specially developed to generate and propagate tsunamis. The wave 
propagation analyses include the water surface disturbance and water flux velocities. The free surface 
elevation has been recorded at specific locations, by imposing different numerical gauges into the model, 
and has been used to evaluate the tsunami time arrival. The maximum free surface elevations registered 
give the hazard distribution maps along the coast and also indicate the inundated areas. Results show the 
hazard in the region is important. It concentrates in the northern Catalan Coast but it cannot be 
underestimated in the rest of the coast. Three detailed studies have been realized to study the wave impact 
in the areas with a higher hazard associated. 
In the Gulf of Roses have been recorded waves up to 4m high with periods from 20 to 50 minutes, reaching 
the coast in 10 minutes. The maximum run-up registered is 4.83m and the inundation reaches 1.7km inland, 
flooding a total 23km
2
 area. In the Barcelona zone have been registered waves up to 5m high and 20 
minutes period, reaching the coast 10 minutes after the event. The wave reaches the 4.38m run-up, 2km 
inland, and floods 8.5km
2
, including part of the Barcelona Airport. Inside the Barcelona Harbour it has been 
registered 2.5m waves high and up to 2m/s flow velocities. In the Ebro Delta, the waves and the run-up are 
smaller, 0.8m high and 2.3m run-up, but the periods are large, 50 minutes, and the waves inundate up to 
65km
2
. 
It is conclude that, although associated to a low probability of occurrence, the hazard in the region is 
important. During the events, high-long waves hit the coast in very short periods, flooding urbanized areas 
and beaches. The risk associated to these events would be higher than assumed to date.  
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En septiembre de 2013 quinientos terremotos fueron detectados en el noreste de la costa Española. La 
actividad sísmica no generó ningún tsunami perceptible, pero los temblores fueron lo suficientemente 
fuertes para alertar sobre el potencial sísmico de la zona y de su peligrosidad asociada. A pesar de que la 
probabilidad de tsunamis en el Mediterráneo es baja, algunos de los más destructivos en la historia se han 
generado en él. El último tsunami en el Mediterráneo ocurrió en 2003, en el mar de Alboran, alcanzo la 
costa de Algeria y propagándose hacia el norte hasta llegar a las Islas Baleares, hundiendo pequeños 
barcos y causando importantes pérdidas económicas.  
Los tsunamis son largas olas producidas por terremotos, grandes desprendimientos u otras abruptas 
perturbaciones de la superficie del mar. Sus periodos pueden variar entre minutos y horas, y sus longitudes 
entre decenas y centenares de kilómetros. Estas olas, que tienen solo unos centímetros de altura en aguas 
profundas, viajan rápido hasta alcanzar aguas someras, donde sus amplitudes pueden crecer varios metros.  
En esta tesina se ha estudiado y evaluado la peligrosidad de tsunamis en la costa catalana. El objetivo es 
determinar el impacto de tales eventos en la costa y evaluar las condiciones que podrían causar daños en 
las estructuras costeras. El estudio comienza con la identificación de las potenciales fuentes con capacidad 
de generar tsunamis extraídas de estudios anteriores. La existente cartografía de fallas marinas ha 
proporcionado 5 fallas con longitudes entre 40km y 120km que podrían generar grandes terremotos 
(Mw>7.0), y por lo tanto, con potencial para generar tsunamis. Se ha asumido el peor caso creíble en cada 
falla para evaluar el impacto y localizar las áreas con mayor peligrosidad asociada. 
La generación y propagación de tsunamis se ha realizado utilizando COMCOT, un modelo numérico que 
resuelve las ecuaciones para aguas someras, desarrollado para generar y propagar tsunamis. El análisis de 
la propagación de las olas incluye la perturbación de la superficie del agua y las velocidades de flujo. La 
superficie libre ha sido registrada en localizaciones específicas, situando diferentes indicadores numéricos, 
y utilizada para evaluar los tiempos de llegada de los tsunamis. Las máximas superficies libres registradas 
proporcionan mapas con la distribución del riesgo en la costa, indicando también las áreas inundadas. Los 
resultados muestran que la peligrosidad en la zona es importante. La peligrosidad se concentra en el norte 
de la costa catalana, pero no puede ser infravalorada en el resto de la costa. Tres estudios en detalle han 
sido realizados para estudiar el impacto de las olas en las áreas con mayor peligrosidad asociada. 
En el golfo de Rosas se han registrado olas de 4m de altura con periodos entre 20 y 50 minutos, alcanzando 
la costa a los 10 minutos. El máximo run-up registrado es 4.83m, y la inundación alcanza 1.7km tierra 
adentro, inundando a un área total de 23km
2
. En la zona de Barcelona se han registrado olas de hasta 5m 
de altura con periodos de 20 minutos, alcanzando la costa 10 minutos después del suceso. Las olas 
alcanzan 4.38m de run-up, se desplazan 2km tierra adentro, e inundan 8.5km
2
, incluyendo parte del 
aeropuerto de Barcelona. Dentro del puerto de Barcelona se han registrado olas de 2.5m de altura y 
velocidades de hasta 2m/s. En el Delta del Ebro las olas y el run-up son más pequeños, 0.8m de altura y 
2.3m de run-up, pero los periodos son grandes, 50 minutos, y las olas inundan hasta 65km
2
. 
Se concluye que, a pesar de la baja probabilidad de ocurrencia, la peligrosidad en la región es importante. 
Durante los sucesos, olas de gran altura y longitud llegan a la costa en periodos de tiempo muy pequeños, 
inundando zonas urbanizadas y playas. El riesgo asociado a estos casos podría ser mayor de lo esperado.  
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1. Introduction 
1.1. Outline of the problem 
In September and October 2013, an unusual seismic activity was registered close to the Ebro Delta. This 
activity was associated to the Amposta Fault, located in the area. Most of the earthquakes had small 
magnitudes and were imperceptible, but some of them had magnitude high enough (Mw>4) strong enough to 
alert the population. The quakes were produced by a few centimetres movement in a 1km fault (IGC, 2013). 
Given the small reported ruptures and that there were not surface displacement no tsunamis were produced 
but the alarm in the surrounding coastal area was triggered. Recent tsunami episodes during the last 
decade, the 2003 Bourmedès, the 2004 Indonesian and the 2011 Japanese tsunamis, have shown its 
potential hazard, all of them exceeding the maximum threat related to them.  
Tsunamis are long period waves caused by any large, abrupt disturbance of the sea-surface. They are a 
relatively uncommon phenomenon ranking high on the scale of natural disasters. Tsunamis can be severely 
destructive to human life, infrastructures and the economy located near the coast. Although 60% of all 
tsunamis occur in the Pacific, they can also threaten coastlines of countries in the Indian and Atlantic 
Oceans, and in the Mediterranean and the Caribbean seas regions. The 2004 Indian tsunami marked the 
starting of the development of early warning systems all over the world. In the last decade there has been an 
increase in the number of scientific studies focused in the generation and hydrodynamic development of 
such type of waves. Important efforts have been done trying to identify ancient tsunami deposits (paleo-
tsunamis) and historical records to better understand this phenomenon and to improve the tsunami hazard 
assessment. From the engineering point of view, post-tsunami structural studies together with physical and 
numerical models are helping to design tsunami-resistant structures through knowledge of how waves 
impact coasts and scour building foundations. 
For the West-Mediterranean perspective, tsunamis have been mainly associated to the seismic activity in the 
Alboran basin, affecting the northern coast of Africa and south-eastern Spanish coast. The last important 
Mediterranean tsunami took place in 21th May 2003 at Bourmedès. Waves generated at the north of Africa 
impacted the Balearic Islands in less than 30 minutes causing important economic losses. According to 
Riquelme (2009), who described and modelled the event and its effects, it can be highlighted the shadow 
effect the islands produce in the north-east Spanish coast. Even though all this coastal area can be 
considered safe from tsunamis produced in North Africa, according to geologic studies along the Catalan 
and Valencia coasts (Perea, 2006) a number of faults located in the Catalano-Balearic Sea show potentiality 
to produce earthquakes with magnitudes higher than Mw>7.0 and, thus, could be responsible of future 
unexpected tsunamis in the zone. 
1.2. Outline of the work 
The aim of this thesis is to evaluate the tsunami hazard along the Catalan Coast. This thesis is focused on 
three main topics: 
 Source mechanism, to know how tsunamis are generated. 
 Wave propagation, to know the way they are propagated. 
 Effects, to know how they affect the coast. 
To know the possible effects tsunamis could have on the Catalan Coast it have been studied and analysed:  
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 Previous events in the Mediterranean Sea, in order to understand how they were generated and their 
effects. 
 The Catalan Coast seismology, principally the active faults characteristics and their distribution.  
 The regional and local coastal topography and bathymetry, since they control how the wave may be and 
the area affected. 
 The socio-economic characteristics of the study area.  
With this information the possible worst-case tsunami scenarios have been generated and propagated along 
the Catalan Coast to evaluate the hazard associated to them. Next, a more precise tsunami analysis has 
been carried out in the areas showing higher hazard.   
For this process the software COMCOT has been used. The inputs to the numerical modelling are the 
bathymetry of the area and the source mechanism. In this study, tsunamis have been generated using 
offshore active faults located in the studied area. 
1.3. Thesis structure 
This thesis has been structured in 7 chapters. Chapter 1, the present one, outlines the thesis objectives. 
Chapter 2 offers a general summary of the characteristics of tsunamis, their generation and propagation, and 
their effects. Chapter 0 summarises information about previous earthquakes and tsunamis in the 
Mediterranean Sea and defines the study area, its associated tsunami hazard and the potential risks. 
Chapter 4 illustrates the methodology followed in this study and how works the numerical model used 
(COMCOT). This chapter also describes the bathymetric data and the faults characteristics used in the 
tsunami generation. Chapter 5 show the different scenarios used in the hazard analysis and the results in an 
aggregated scenario, which describes the hazard distribution along the Catalan Coast. Chapter 6 realize a 
more precise hazard analysis in the areas with higher hazard expected. The study conclusions and future 
work suggestions are given in Chapter 7. 
2. Background 
Tsunamis are long period sea waves caused by displacements of large water bodies in a short time. 
Extreme events such as earthquakes, landslides or volcanic eruptions are the origin of these water 
displacements. Tsunami waves can cross deep oceans in a few hours and run-up tens of metres above the 
normal water level. 
2.1. Source mechanism 
A tsunami can be generated by any abrupt disturbance of the sea-surface. There are different mechanisms 
capable of generate a tsunami. The most frequent source mechanisms are earthquakes. Events like 
landslides volcanic eruptions, and/or object impacts on the water surface (e.g. meteoritic impacts) are other 
source mechanisms capable of generating tsunamis. 
 Earthquakes 
The most common sources in the tsunami generation are earthquakes produced in marine and coastal 
regions by the vertical movement of active faults (Figure 2.1). The fault movement mechanism is based 
on the Plate Tectonics, that describes an earth model characterized by a small number of lithospheric 
plates, that float on a viscous under layer called the asthenosphere. These plates, which cover the entire 
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surface of the earth and contain both the continents and seafloor, move relative to each other at different 
rates. The region where two plates come in contact is called a plate boundary, and the way in which one 
plate moves relative to another determines the type of boundary:  
 Spreading: Where the two plates move away from each other (e.g. Middle Atlantic spreading ridge). 
 Transform: Where the two plates slide horizontally past each other without destruction or generation 
of crust (e.g. San Andreas or Alpine faults). 
 Subduction: Where the two plates move toward each other, and one slides beneath the other (e.g. 
Nankai or Sumatra subduction zones). Subduction is the principal cause for major tsunamis. 
 
 
Figure 2.1: Generation process for a tsunami triggered by an earthquake in a subduction zone: (a) when two 
different plates come in contact, the sides of the fault move past each other. Due to the irregularities and 
asperities in the fault surface the fault gets locked and the frictional resistance increases; (b) the relative 
motion between plates continues, increasing the stress and therefore storing strain energy in the fault 
surrounding area; (c) hen the stress accumulated is sufficient to break the irregularities blocking the fault, the 
plates slide releasing the stored energy in a short time period, the earthquake, and (d) this energy is 
transferred to the sea floor and moves it vertically, generating an abrupt sea-surface disturbance. 
Source: Atwater et al., 2005 
Not all earthquakes generate tsunamis. To generate a tsunami, the fault movement responsible for the 
earthquake must be underneath or near the seafloor and cause its vertical movement (up to tens of 
meters) over a large area (from hundred to thousand square kilometres). Other factors involved in the 
tsunami generation mechanism are the simultaneous occurrence of underwater landslides due to the 
shaking, and the efficiency with which energy is transferred from the earth’s crust to the ocean water. 
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Different parameters are necessary to characterize the dislocation or slip motion that will deform the 
surface producing the seafloor displacement because of the earthquake (Figure 2.2 and ¡Error! La 
autoreferencia al marcador no es válida.). These parameters describe the fault plane, where the 
motions between faults take place, and its associated movement, and are: 
Table 2.1: Parameters for Elastic Fault Plane Model 
Parameters Unit 
Epicentre (Lat, Lon) Degrees 
Focal depth Meters 
Length of Fault Plane Meters 
Width of Fault Plane Meters 
Strike direction θ Degrees 
Dip angle δ Degrees 
Slip length Meters 
Slip angle λ Degrees 
 Epicentre: The projection of the earthquake focus on the Earth surface. This parameter is indicated 
by geographic coordinates (latitude and longitude). 
 Focal depth (h): Vertical distance between the earthquake focus and the epicentre. 
 Length (L): Distance measured along the top edge or bottom edge and parallel to the strike direction.  
 Width (W): Distance measured between the top and the bottom edges and perpendicular to the strike 
direction.  
 Strike direction (θ): Angle formed the fault plane in relation to the geographic north and measured 
clockwise 
 Dip angle (δ): Angle formed between the Earth surface and the fault plane. It is measured from the 
Earth surface down to the fault plane. 
 Slip length: Motion distance of the sliding block relative to the foot block along the strike direction on 
the fault plane. 
 Slip angle (λ): Slide direction relative to the foot block on the fault plane. 
At present the location and magnitude of an earthquake is measurable nearly immediately thanks to the 
advent of modern seismometers, digital recording, and real time communication links. This allows 
warning centres to provide initial tsunami warnings within minutes after the earthquake’s occurrence.  
The moment magnitude (Mw, with the subscript “w” meaning mechanical work performed) is 
a dimensionless number defined by Hanks and Kanamori (1979) as: 
𝑀𝑊 =
2
3
log10𝑀0 − 10.7 
(1) 
Where M0 is the seismic moment in Nm. The constant values in the equation are chosen to achieve 
consistency with the magnitude values produced by earlier scales, the Local Magnitude and the Surface 
Wave magnitude, both referred to as the "Richter" scale by reporters. Moment magnitude is now the 
most common measure for medium to large earthquakes, but breaks down for smaller quakes. For 
example, the USGS does not use this scale for earthquakes with a magnitude of less than 3.5, which is 
the great majority of quakes. 
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Figure 2.2: Sketch of a Fault Plane and Fault parameter definitions 
Source: COMCOT User Manual v1.7 
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Shallow focus earthquakes along subduction zones are responsible for most destructive tsunamis. The 
Lisbon earthquake (1755), the Great Chilean Earthquake (1960), Indian Ocean earthquake (2004) and 
Tohoku earthquake (2011) are examples of large earthquakes that have generated catastrophic 
tsunamis. 
 Landslides  
Landslides are produced when ground or other material slide down a slope. Different factors have 
influence in the generation of a common landslide: 
 Slope angle 
 Climate 
 Weathering 
 Water content 
 Vegetation 
 Overloading 
 Geology 
It can be different elements contributing to a landslide but usually one triggers the material movement. 
Landslides can take place in the surface or undersea, which often occur during large earthquakes. Both 
superficial and submarine landslides can generate localised tsunamis.  
Superficial landslides disturb the water from above the water surface. The falling debris disturbs the 
water equilibrium position and produce a tsunami. Tsunamis generated by non-seismic mechanisms 
usually dissipate swiftly and is unusual they affect coastlines far from the generation point. 
Undersea landslides take place when a large amount of sediment is displaced on the seafloor. During a 
submarine landslide the sediment movement along the sea-floor modify the equilibrium in the water 
surface. The perturbation of the sea-level generates a tsunami that will be propagated by gravitational 
forces. 
Underwater landslides triggered by earthquakes are capable of generating destructive tsunamis. On July 
17th 1998 a tsunami devastated the north-western coast of Papua New Guinea. Apparently an 
earthquake triggered a large underwater landslide. Consequently three waves measuring more than 7 
meter high struck a 10km stretch of coastline within ten minutes of the earthquake slump. Three coastal 
villages were swept completely clean leaving nothing but sand and 2,200 casualties.  
 Volcanic eruptions 
Violent marine volcanic eruptions can create, similarly to landslides, an impulsive force that displaces the 
water column and generates a tsunami. Volcanic tsunamis can be also caused by tectonic movements 
from volcanic activity, caldera collapses or flank failure into a water source or by pyroclastic flow 
discharge into the sea (Figure 2.3). 
On August 27th 1883 Krakatoa erupted causing the largest and more catastrophic volcanic tsunami in 
history. The tsunami was formed just under a minute after the explosion, and it grew up to a 40 meters 
wave height. It is estimated this tsunami caused over thirty six thousand casualties. There was a second 
explosion, generated when the magma chamber collapsed and allowing the sea water rush into the 
magma chamber creating a second tsunami, smaller than the first one. 
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Figure 2.3: The debris avalanche crashes into the sea once it travels down the volcanoes side pushing the 
water up as they meet. 
Source: Geoscience Australia 
 Object impacts  
Any disturbance of the water surface can generate a tsunami. Superficial landslides and volcanic 
eruptions can disturb the sea surface with object impacts from above the water level.  Space borne 
objects such meteorites, asteroids and comets also can disturb the sea surface generating a tsunami, 
but the probabilities of a space object impact are very small. 
Gersonde et al.,(1997) found evidence of a 4km diameter asteroid that landed offshore of Chile 
approximately 2 million years ago. Their studies conclude that its collision may have produced a huge 
tsunami capable to swept portions of South America and Antarctica. 
Since scientists cannot predict when earthquakes or other tsunami sources will occur, neither their 
dimensions, they cannot determine exactly when a tsunami will be generated and its size. However, by 
looking at past historical tsunamis, scientists know where tsunamis are most likely to be generated. Past 
tsunami height measurements are useful in predicting future tsunami impact and flooding limits at specific 
coastal locations and communities. Paleotsunami research, in which scientists look for sediments deposited 
by giant tsunamis, is helping to extend the documented historical tsunami record further back in time.  
2.2. Wave propagation 
The process to model the wave propagation using all the elements involved is extremely complex. A three-
dimensional analysis with the interaction between wind, the bottom surface, obstacles and currents, will 
require very complex equations and too many calculations. However, the small amplitude wave theory 
simplifies the mathematics involved considerably. A great number of observations can be explained studying 
two-dimensional, monochromatic and progressive waves. Tsunamis wave lengths vary from tens to 
hundreds of kilometres and travel in the deep ocean with only a few centimetres height. This is why the small 
amplitude assumptions can be applied for tsunamis when they are located offshore.  
The main physical characteristics that define a wave (figure 2.4) are the wave height (H), the wave amplitude 
(a), the wave length (L) and the water depth (d). 
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Figure 2.4: Wave characteristics. H: wave height; a: wave amplitude; L: wave length; and d: water depth. 
Other parameters are the wave period and the celerity. The wave period (T) is the time between consecutive 
crests in a fixed point. Celerity (C) is the wave speed, the distance travelled by a wave crest, the wave 
length, per unit time. The relation between celerity, period a length is: 
𝐶 =
𝐿
𝑇
 (2) 
The small amplitude theory assumes that 
𝑎
𝐿
 and 
𝑎
𝑑
 are small. Making use of this assumption the wave celerity 
is function of both the wave length (L) and the water’s relative depth (
𝑑
𝐿
). Solving the equation of motion for 
small amplitude waves yields the following equation for the wave celerity. 
𝐶 = √
𝑔𝐿
2𝜋
𝑡𝑎𝑛ℎ (2𝜋
𝑑
𝐿
) (3) 
Where g is the gravitational acceleration. 
The hyperbolic tangent function has limit forms for both small and large values of its argument, so it is useful 
to classify waves according to the relative depth (Table 2.2). 
Table 2.2: Relation between the relative depth, the wave patterns and the wave’s characteristics. 
Relative Depth Wave pattern Wave celerity Wave length 
𝑑
𝐿
<0.05 Shallow water wave √𝑔𝑑 √𝑔𝑑𝑇 
0.05<
𝑑
𝐿
<0.5 Intermediate depth water 𝐶 = √
𝑔𝐿
2𝜋
𝑡𝑎𝑛ℎ (2𝜋
𝑑
𝐿
) 
𝑔𝑇2
2𝜋
𝑡𝑎𝑛ℎ (2𝜋
𝑑
𝐿
) 
𝑑
𝐿
>0.5 Deep water wave √
𝑔𝐿
2𝜋
 
𝑔𝑇2
2𝜋
 
In deep ocean waters tsunamis have periods typically from 10 minutes to one hour and wave lengths of 
several hundreds of kilometres. When a 200km wave length tsunami passes over a 4km depth, the average 
depth of the oceans, the relative depth is 
𝑑
𝐿
=0.02. Since this relative depth is less than 0.05, this tsunami is a 
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shallow-water wave. For shallow waves the celerity depends only on the water depth. Knowing the 
bathymetry, the wave celerity and its propagation can be estimated. Figure 2.5 shows the relation between 
water depth, velocity and wavelength in tsunamis. 
 
 
Figure 2.5: Wave propagation 
Shallow waves are affected by shoaling, refraction and diffraction. Because of their characteristics, tsunamis 
are affected by these processes even in the deep ocean. 
 Shoaling 
When the waves enter in shallower waters the wave celerity slows. Because the wave period remains 
the same the wave length decreases. Thus, the tsunami’s energy flux remains nearly constant. Given 
that the energy flux depends on group celerity and wave height, as the tsunamis travel into shallower 
waters its wave height (H) grows. An unnoticeable tsunami at sea may grow several metres in height 
near the coast because of the shoaling. 
Shoaling relates the tsunami’s wave height with the depths by the equation: 
𝐻𝑠
𝐻𝑑
= (
ℎ𝑑
ℎ𝑠
)
1
4
 (4) 
Where: 
 Hs: Wave height in shallow water 
 Hd: Wave height in deep water 
 hs: Shallow water depth 
 hd: Deep water depth 
The shallow wave approximation done will break down when the longitude (L) decrease considerably 
near shore and the amplitude of the wave is similar or exceeds the water depth. At this point, where 
Hs~hs, the wave height can be expressed as: 
𝐻𝑠 = 𝐻𝑑
4
3ℎ𝑑
1
5  
(5) 
A 1m height tsunami in the deep ocean (4000m depth) would ends up with a 5m wave height in 5m water 
depth. 
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 Refraction 
A wave attaining shallower waters decreases its velocity. When the wave front reaches shallower waters 
indirectly, the wave front in deeper water has a higher celerity. Therefore, when the water depth under a 
wave varies, the wave has different celerity’s along its wave front, and it bends. 
Sometimes waves approach with an angle to a straight shoreline. The part of the wave in shallower 
waters, closer to the coast, moves slower than the part farther from the shore. This behaviour makes the 
wave crest tend to become parallel to the shoreline (Figure 2.6). 
 
 
Figure 2.6: Refraction in shallower waters 
Tsunamis are shallow water waves even in great depths. The depth in different parts of tsunamis might 
be widely varying over their wavelengths. Because depth determines the velocity, different wave parts 
will travel with different velocities, causing the waves to bend. In Figure 2.7 we see the refraction taking 
place in waters of great depth too, determining direction changes on the tsunami. 
Because of refraction, shore bathymetry may focus the wave energy in shallower coastal areas foreland, 
as shown in Figure 2.8.  
 Diffraction 
Diffraction takes place when the wave height in some point is higher than the adjacent in the same crest. 
Energy is transferred from the higher point to the lower. If the wave reaches a barrier (island, breakwater) 
there will be a shadow zone. Diffraction may transfer energy from the wave that hasn´t meet the barrier 
to the shadow zone. The wave will bend after passing through a gap and spread around the obstacle. 
Because of diffraction a tsunami will bend to arrive to shadow zones, as in Figure 2.7 when the tsunami 
propagates over the Atlantic Ocean and propagates inside harbours.  
When one of the mechanisms that trigger a tsunami (e.g. earthquake) occurs a trains of waves is generated 
and propagated in both sides’ directions from the source mechanism. This propagation is generally radial, 
but if the seismic slip front is longer than hundreds of kilometres, as in the 2004 Indian Ocean Tsunami, the 
wave could be strongly directional, propagating much further and preserving the energy relatively 
unchanged. 
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Figure 2.7: 2004 Indian Ocean Tsunami propagation 
Source: NOAA Center for Tsunami Research 
 
 
Figure 2.8: Waves convergence because of refraction. Continuous lines parallel to the coast represent the 
bathymetry of the area and continuous lines with and arrows represent the direction of wave propagation 
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In less than a day, tsunamis can travel from one side of the Pacific to the other. However, people living near 
areas where large earthquakes occur may find that the tsunami waves will reach their shores within minutes. 
Tsunami can propagate led by either a depression (trough) or a crest. In the first case the sea shows a 
recede from the coastline before the positive crest reaches the shore (Rossetto et al, 2011). The source 
mechanism will define the leading wave characteristics. When the tsunami reaches the coast it may appear 
as a fast rising or falling tide. 
2.3. Effects 
Small tsunamis, most of them undetectable without specialized equipment, happen almost every day. Nearly 
all these tsunamis are triggered by minor earthquakes and are too small when they hit the coast to have any 
significant effect. Often small tsunamis are confused with strong and fast-moving tides or other long waves 
like seiches. On the other hand, tsunamis are among the more destructive and deadliest natural disasters. 
Talking about natural disasters we have to underline the difference between hazard and risk. In earthquakes, 
the hazard characterises the level of expected ground shaking (acceleration, velocity or deformation), and it 
is directly related with the tsunami hazard, dependent on the earthquake characteristics. The risk, in the 
other hand, is the possibility of life and economic losses by the earthquakes or tsunamis. 
The hazard takes into account the number, the magnitude and the location of earthquakes in the study area. 
The areas with a higher strong event frequency have a higher hazard. The hazard depends on the seismic 
activity and it is evaluated from previous events. Recording earthquakes using seismic monitoring networks 
is a recent practice, typically done in the last forty years. This data is not representative of long-term 
activities, so it has to be improved with information from historical writings and from geological studies.  
The risk relates de hazard with the vulnerability of an area, being dependent of both. If the hazard is high, 
but there is no human activity in the area, the human risk is low. The seismic risk can be modified, reducing it 
with earthquake-resistant constructions.  
The effects of a tsunami depend on the wave’s characteristics, defining the hazard, and the affected area, 
defining the vulnerability. Tsunamis have long period and, except for the largest tsunamis, the approaching 
wave does not break and makes landfall as a forceful rapid increase in the water level. Most of the tsunamis 
appear like an endlessly onrushing tide. The effect of a tsunami in the coast can be defined by two factors, 
run-up and inundation. 
 Run-up 
Run-up is the water elevation inland above the normal sea level during the tsunami event. In the largest 
tsunamis the water level can rise many meters.  
The first wave in a tsunami train does not always produce the highest run-up. The tsunami’s frequency 
combined with some bathymetries can result in resonance and send more water onshore. Sometimes 
more than one earthquake or a landslide take place at the same moment and produce two different 
waves. These waves can meet during the propagation and be combined in a more energetic wave.  
The coastal topography has a big influence on the wave run-up. Flat shorelines offer little resistance and 
allow the wave go inland easily, giving a short run-up. Steep shorelines, walls or cliffs will force the wave 
up, giving a higher run-up. 
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 Inundation 
The inundation is the distance the wave travel inland in its horizontal measure. As with the run-up, the 
shoreline topography highly influences the inundation distance. The relation with the local topography is 
the opposite of the run-up height, being bigger the inundation in flat shorelines and vice versa.  
Tsunamis will have different effects in the area depending on its socio-economic characteristics. In populated 
areas could cause important human, environmental and economic losses.  
 Deaths 
The worst effect of a tsunami is the human life cost. Since 1850, tsunamis have produced more than 
430,000 casualties. Usually the little warning time before the tsunami hits the seashore makes very 
difficult to execute an effective evacuation plan. People living in the coast have no time to escape. The 
violent force of the tsunami results commonly in death by drowning. Buildings collapsing, electrocution, 
explosions from gas and floating debris are another causes of death due to tsunamis. 
 Diseases 
The areas inundated are flooded with sea water, damaging sewage and fresh water supply 
infrastructures. Flooding and water supply contamination can spread diseases in the affected area, 
causing more deaths. 
 Environmental impacts 
Tsunamis have a huge impact on animals, plants and natural resources. Tsunamis change the 
landscape; solid waste and debris are spread, trees and plants are uprooted and animal habitats are 
destroyed. Land animals die by the same reasons as people, and sea animals die by water pollution. 
Water and soil are contaminated by salted water and other chemicals, affecting the soil fertility. If nuclear 
power plants are damaged by the tsunami, as it happened in the 2011 Japanese tsunami, there may be 
radiation spread near them. 
 Economic costs 
Tsunamis cause massive costs in the communities and countries affected. Reconstruction and clean-up 
have big costs. Infrastructures have to be replaced, unsafe buildings demolished and debris cleared. In 
non-developed countries buildings and infrastructures are not prepared and cannot withstand the impact 
of a tsunami. Whole areas and towns can be completely destroyed as the tsunami leaves as trail 
devastation and misery behind it. 
Papadopoulos and Imamura (2001) introduced a new 12-point tsunami intensity scale to classify them. The 
scale considers the effects on humans, on objects and on nature and damage to buildings, where I 
corresponds to “Not felt” and XII to “Completely devastating”. 
For a better understanding, it is necessary to know the relation between the event characteristics and its 
effects. The last great tsunamis, as the 2004 Indonesian and 2011 Japanese tsunamis, have provided a big 
amount of data useful to improve our knowledge about tsunamis and its effects. 
 2004 Indian Ocean Tsunami. 
In December 2004 a magnitude 9.1 earthquake produced a destructive tsunami in north-western 
Sumatra, Indonesia. It has been the deadliest tsunami recorded and one of the most destructive natural 
disasters in history.  
The wave stroke the coasts throughout the Indian Ocean, causing 228,000 casualties, displacing more 
than one million people and causing billions of dollars of property damage. The wave reached 24m run-
up, rising to 30m in some areas when travelling inland. 
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The Belgian yacht “Mercator” recorded the free surface elevation after the earthquake occurred. The 
yacht was anchored 1 mile (1.85km) off Nai Harn Bay, in the southwest of Phuket, with 12m water depth 
below it (Grilli et al, 2007). The depth echo sounder in the Mercator recorded the free surface elevation 
over the first two hours of its propagation. (Figure 2.9) 
 
 
Figure 2.9: Signal recorded by the Mercator yacht (2004) 
 2011 Japanese Tsunami 
On 11th March 2011, a magnitude 9.0 earthquake generated a giant local tsunami in Japan. The 
National Police Agency of Japan confirmed the wave claim nearly 16,000 lives, more than 6,000 people 
were injured and 2,500 people are missing in Tohoku, Japan.  
The pressure gauges recorded the sea level that followed the seismic event (Figure 2.10 and 
Figure 2.11). We can see no trough was registered. The wave increases in two steps, a first 2m crest 
followed by a total 5m crest, and then goes back to the initial condition in similar steps. 
Groups of researchers from throughout Japan conducted a tsunami survey along the Japanese coast. 
The maximum run-up measured was 40.5m, and the wave reached more than 5km inland (Mori et al, 
2011). The tsunami inundated approximately 561km
2
 in Japan. Figure 2.12 shows the wave arriving 
Miyako City, in the Japan northeast. 
The damage in the Japanese structures and infrastructures was considerable. More than 45,000 
buildings were destroyed and around 144,000 were damaged (Figure 2.13). Fifteen ports were located 
near the disaster area. Four of the north-eastern ports were destroyed and other two were affected, 
though less severely. Eight more Japanese ports were damaged and closed to ships. 
The Fukushima Daiichi and other three nuclear power stations were automatically shut down after the 
earthquake. However, the tsunami waves overtopped Fukushima Daiichi and Daini seawalls. Diesel 
backup power was destroyed by the tsunami, leading to severe problems at Fukushima Daiichi. Three 
explosions took place, leaking radioactive material. Recent studies found that many Japanese nuclear 
stations were not protected properly against tsunamis. (Philip et al., 2013) 
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Figure 2.10: Location of the Ocean Bottom Pressure Gauges TM1 and TM2 and location of the estimated 
epicentres. 
Source: Earthquake Research Institute of Tokyo University 
 
 
 
Figure 2.11: Free surface elevation (m) records from the Ocean Bottom Pressure Gauge 11 March 2011. 
Source: Earthquake Research Institute of Tokyo University 
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Figure 2.12: The tsunami wave approaches Miyako City from the Heigawa estuary in Iwate Prefecture. 
 
 
 
Figure 2.13: Smoke rises in the distance behind destroyed houses in Kesennuma City 
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3. Earthquakes and tsunamis in the Mediterranean 
Sea 
Until recently it has widely believed that tsunamis did not occur in the Mediterranean Sea, or they were a 
strange phenomenon that hardly could threaten coastal areas (Papadopoulos and Fokaefs, 2005). However, 
the Mediterranean Sea is geo-dynamically characterized by moderate to high seismicity and a considerable 
volcanism. In addition, coastal and submarine landslides are not strange. Thus, even if the Mediterranean 
Sea constitutes only the one percent of the World ocean water, ten percent of all tsunamis reported 
worldwide have occur in it. On average, one disastrous tsunami takes place in the Mediterranean region 
every century. Geological research and historical records report many powerful tsunami events that have 
taken the lives of thousands over the ages. 
3.1. Earthquakes in the Mediterranean Sea 
The Mediterranean Sea region shows a remarkable seismic activity because its location in the boundary 
between major tectonic plates. Two of the major tectonic plates meet on the Mediterranean Sea, the African 
plate and the Eurasian plate. To the east the Mediterranean Sea is bounded by three minor plates, the 
Arabian, the Aegean, or Hellenic, Plate, and the Anatolian plates (Figure 3.1) 
 
 
Figure 3.1: Mediterranean tectonic plates and earthquakes with magnitude 5.0 or bigger between 1983 and 
2012, plotted by depth.  
Source: Google Earth & On the Cutting Edge: Professional Development for Geoscience Faculty  
The Mediterranean Sea region shows a remarkable seismic activity because its location in the boundary 
between two major tectonic plates, the African plate and the Eurasian plate. Moreover, to the east the 
Mediterranean Sea is bounded by three minor plates, the Arabian, the Aegean and the Anatolian plates 
(Figure 3.1). The mapped seismicity shows a remarkable activity near the plate boundary between African 
and Aegean plates. In addition, there is also noticeable seismic activity along northern Africa margin 
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(Magrheb), Italy and the Balkans coast. The source of some of those earthquakes is located at sea and 
could trigger tsunamis in the future. 
The Mediterranean seismic hazard map (Figure 3.2) shows the earthquake hazard level over the area, 
evaluated from the recorded historical and instrumental seismic activity. In this map it can be observed that 
the Aegean Arc localizes a high number of earthquakes and is the source of the major events happened in 
the Mediterranean Sea. The largest shallow earthquake measured in the twentieth century on the Aegean 
Arc had reported magnitudes around 7.2. There are historical sources and geologic and archaeological 
studies suggesting larger earthquakes, around magnitude 8, with epicentres near Crete occurred in the 365 
AD and 1303 AD. Both earthquakes triggered devastating tsunamis along the Mediterranean coasts. In 1956 
a magnitude 7.8 earthquake in the south of Amorgos produced a large tsunami in the Aegean Sea. In the 
region shallow focus earthquakes are also caused because of volcanic activity, as in the Dodecanese and 
Cyclades Islands, 100km north of Crete.  
Many earthquakes take place at the Calabrian Arc, being the 1908 Messina earthquake the most 
devastating. This earthquake produced a tsunami, adding more destruction to the generated by the 
earthquake.   
 
 
Figure 3.2: Seismic hazard map of the Mediterranean area 
Source: Modified from © ESC-SESAME, 2003 
3.2. Tsunamis in the Mediterranean Sea 
In the Mediterranean Sea up to four tsunamis have been classified as degree X in the intensity tsunami 
scale: 
 365 Crete tsunami 
On 21th July 365 an estimated magnitude 8 offshore earthquake occurred near Crete caused the 
destruction of nearly all the cities in the island and triggered a tsunami (Stiros, 2010). The tsunami 
spread until the coastal regions of Egypt and Sicily, causing destruction all over the Mediterranean Basin. 
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Records describe the tsunami hitting Alexandria like a trough leading wave and indicate that 50,000 
people lost their lives only in this city.  
 1303 Crete tsunami 
Another estimated magnitude 8 earthquake struk the island of Crete on 8th August 1303. The 
earthquake destroyed the city of Rhodes and part of Crete. The generated tsunami reached Alexandria 
city in the Egyptian coast. Numerical models estimated a 9m run-up at the Alexandria area 
(Papadopoulos et al.,2007)  
 1650 Santorini tsunami 
A submarine explosion from the Kolumbo Volcano on 26th September 1650 generated a tsunami killing 
70 people in the Santorini coast. Waves up to 16m stroke the island of Ios, north of Santorini (Dominey-
Howes et al., 2000). 
 1908 Messina tsunami 
On 28th December 1908 an earthquake and the triggered tsunami caused over 128,000 casualties in 
Sicily and Calabria, south of Italy. The cities of Messina (Figure 3.3) and Reggio Calabria were highly 
affected and close to be completely destroyed (Pino et al., 2008). 
 
 
Figure 3.3: Destruction in the water-front of the Messina city after the 1908 Messina earthquake (Sicily, Italy) 
Source: Underwood & Underwood © 1906 No. 10495 
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The last tsunami registered in the Mediterranean Sea took place in 21th May 2003, in the Alboran and 
western Mediterranean Sea. The tsunami, assigned with intensity IV, hit the Algerian coast and the Balearic 
Islands and caused a great amount of economic losses in the archipelago. 
Figure 3.4 shows a map of the known tsunamigenic sources in the Mediterranean Sea and a relative scale of 
the tsunami hazard. The potential for tsunami generation has been calculated as a convolution of occurrence 
frequency and intensity of the tsunami events. These data are valid as long as tsunami records over the last 
centuries could be extrapolated to longer time periods. The long return period that characterize tsunamis in 
some tsunamigenic zones and the lack of data diminish the confidence in the recurrence for strong events. 
Therefore, the average recurrence of 140 years for the very strong events should be regarded as an 
“apparent” mean repeat time (Papadopoulos, 2005). 
 
 
Figure 3.4: Tsunamigenic zones of the Mediterranean Sea 
Source: (Papadopoulos, 2005) 
3.3. The Catalan Coast 
Catalonia is a Spanish autonomous community in the north-west Mediterranean Sea. Seven and a half 
million people live in Catalonia and from those, three and a half million live in Barcelona and surrounding 
cities. Moreover most of the total population lives close and along the coast line and during summer numbers 
increase because of the tourism. This activity is mainly localized in hotels and camping’s near shore.  
The coast has a series of landforms that could influence in the tsunami propagation. A previous study in the 
area (Lastras et al., 2014) highlights the influence the Blanes Canyon could have in long waves. Therefore, 
is important to identify the landforms in the area (Figure 3.5) 
There is no record of previous tsunamis affecting the study area, but it does not mean they cannot happen. 
All over the Mediterranean it has been tsunamis produced by earthquakes, landslides and volcanic 
eruptions. The Catalan Coast has seismic activity recorded offshore (Figure 3.6) and larges landslides have 
been identified (Lastras et al., 2004). Because there is no memory of tsunamis striking the Catalan Coast, 
the populations and infrastructures in the coast will not be prepared in case a tsunami reaches the shore. 
Thus, it is important to determine the tsunami hazard along the coast to estimate the potential risks 
associated. 
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Figure 3.5: Landforms in the Catalan shelf 
 
 
 
Figure 3.6: Catalonia seismic activity 1977-1997 
Source: ICGC – Institut Cartogràfic i Geològic de Catalunya 
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The 2003 Boumerdes tsunami showed the Balearic Islands act like a shield for the Catalan Coast absorbing 
most of the energy of a tsunami coming from the Alboran Sea region. Riquelme (2009) carried out some 
numerical simulations of this tsunami and extended the study with the potential maximum tsunami that could 
be generated in the same region. The results showed a maximum 1m wave height in the Ibiza harbour and 
0.1m wave height in the Ebro Delta shore. Corsica and Sardinia may act also as shields if the tsunami waves 
would be produced in the Tyrrhenian Sea or surroundings.  
Therefore the study focuses in the potential tsunami hazard in the north-eastern margin of the Valencia 
Trough seismic activity. The instrumental earthquakes catalogue from the “Instituto Geográfico Nacional” 
(IGN, 2001) includes all the earthquakes recorded since 880 A.C. (Figure 3.7). The catalogue has 
continuous earthquake records since XIV century. 
 
 
Figure 3.7: Earthquakes distribution along the Valencia Trough. 
Source: IGN, 2001 
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There is not enough information to evaluate the tsunami hazard in the area only knowing the epicentre and 
magnitude of previous earthquakes. We need the fault characteristics, size and movement, to localize 
possible large earthquakes sources. Previous works performed in the area (Perea, 2006) have mapped the 
faults considered responsible of part of the recorded seismic activity (Figure 3.8). 
 
 
Figure 3.8: Location of the faults with registered present activity. Red lines are faults with registered recent 
seismic activity and the orange lines are faults considered to be neotectonic. 
Source: Perea, 2006 
The objective is to cover the threats along the entire Catalan Coast. Because the numerous faults and its 
spread distribution in this thesis it will be studied the hazard associated to some of these faults. In Table 3.1 
there is information about the offshore faults with recorded earthquakes associated. The Max. Mw is the 
estimated maximum magnitude earthquake that each of the interest faults could produce. This magnitude 
has been calculated using empirical relations (Wells & Coppersmith, 1994). Specifically, the relation between 
the magnitude (Mw) and the surface rupture length (SRL) has been used, considering SRL the length of the 
mapped fault and using the constants for normal faults. 
𝑀𝑤 = 4.86 + 1.32 ∗ log⁡(𝑆𝑅𝐿) (6) 
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Table 3.1: Faults in the study area main characteristics 
Nº 
North 
latitude 
(º) 
North 
longitude 
(º) 
South 
latitude 
(º) 
South 
longitude 
(º) 
Length 
(km) 
Width 
(km) 
Direction 
(º) 
Dip 
(º) 
Max. 
Mw 
1 42.346 2.974 41.824 3.574 76.1 17.3 320 60 7.3 
8 41.824 3.241 41.206 2.005 123.3 17.3 56 60 7.6 
9 41.746 3.442 41.553 2.896 50.1 17.3 245 60 7.1 
10 41.562 3.141 41.445 2.908 23.3 17.3 56 60 6.7 
11 41.498 2.776 41.44 2.487 24.1 17.3 74 60 6.7 
12 41.408 2.8 41.271 2.53 27.2 17.3 56 60 6.8 
13 41.31 2.4 41.242 2.249 14.7 17.3 239 60 6.4 
17 41.02 1.99 41.07 1.87 17.5 17.3 36 60 6.5 
18 41.02 1.98 40.79 1.62 40.7 17.3 228 60 7.0 
19 41.105 1.685 40.959 1.533 20.6 17.3 218 60 6.6 
20 41.135 1.402 41.01 1.253 18.7 17.3 222 60 6.5 
23 40.905 1.589 40.738 1.466 21.2 17.3 209 60 6.6 
24 40.933 1.187 40.744 1.069 23.2 17.3 205 60 6.7 
25 40.532 0.749 40.105 0.709 47.6 17.3 184 60 7.1 
Source:    Perea, 2006 
Even if magnitude 5 earthquakes or bigger have not been registered, it has been estimated that the faults 
located in this area could produce until 7.6 magnitude earthquakes (Fault 8 in Table 3.1).  
There are not available data about the faults depths and dips, so some assumptions have been done. 
Considering that most of the earthquakes with instrumental data recorded on the Catalan Coast have been 
recorded between surface and 15km depth (Figure 3.9) it is assumed that the seismogenic zone is located 
between those boundaries. There is also no available data about dip angle for most of the faults identified in 
the area. However, the available dip angles for some of them show that they are close to 60º. Thus, it is also 
assumed that all the faults used in this study have a dip angle of 60º. This explains why all the considered 
faults have the same width (Table 3.1): 
𝑊𝑖𝑑𝑡ℎ =
𝐷𝑒𝑝𝑡ℎ
𝑠𝑖𝑛(𝑑𝑖𝑝⁡𝑎𝑛𝑔𝑙𝑒)
 (7) 
To assess the hazard the event recurrence period has to be evaluated. It can be obtained from 
paleosismologic studies or calculated with the relation between the seismic moment and the slip rate with the 
equation proposed by Wesnousky (1986). The slip rate depends on the fault area, the rigidity and the slip 
length. There are no data about the slip length of the study areas and so there are no specific data about 
faults recurrence period. Nevertheless the faults can be compared with close faults with available data. 
Faults in the Amposta trench have slip rates between 0.01mm/year and 0.1mm/year. The recurrence period 
calculated for the maximum credible earthquake on these faults goes from 22025 to 135946 years. These 
recurrence periods have been calculated for the fault characteristic earthquakes, but it is expected to be 
shorter for minor events. It is difficult to evaluate the recurrence period on sea faults because the lack of 
information and the long time periods of the processes involved. 
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Figure 3.9: Earthquakes depth measured along the Gulf of Valencia  
Source: Perea, 2006 
In September and October 2013 an unusual seismic activity was registered close to the Amposta Fault (fault 
25 in Table 3.1 and Figure 3.8). These earthquakes were associated to the Castor Project, a submarine 
natural gas storage facility placed 30km offshore from the Castellon and Tarragona coast, near the Ebro 
Delta (Figure 3.10). The storage has been placed in an old petroleum reservoir empty since the 70
th
. The 
reservoir is placed 1750m depth and filled by the state gas pipeline network. Most of the earthquakes of this 
seismic sequence were imperceptibles but some had enough magnitude to alert the population 
(Figure 3.11). On October 1
st
 a magnitude 4.2 earthquake was registered, being the first magnitude 4 or 
higher earthquake of the seismic series. The seismic activity mobilized a 1 km length fault only a few 
centimetres. The Amposta Fault (25 in Figure 3.8) has a total length mapped of 47.6km, and it could 
generate magnitude 7.1 earthquakes, those will have a bigger tsunami hazard associated. 
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Figure 3.10: Castor Project location 
Source: El Pais, data from IGN & IGME 
3.3.1. Vulnerability 
The Catalan Coast is not prepared for tsunami events due to the lack of previous tsunamis records. The 
vulnerability of the coast can be described by the topography and the activities along the seaside. The risk 
associated to any tsunami would be bigger during the summertime because the Catalan Coast is very 
touristic, and during the beach season can multiply its population. 
The coastal cities with a lower altitude will have a bigger risk associated. These cities are placed on “El 
Maresme” and “Costa Daurada” regions, where they have low promenades and hotels and camping’s on the 
seafront. In other regions the cities have higher topography, but independent camping´s and hotels are found 
near the coast. There are also harbours along the entire coast (Figure 3.12) where a tsunami would damage 
the vessels inside the ports and its infrastructures. Even the trough of the tsunami could generate damage in 
a harbour because the decrease of depth inside the port.  
El Prat-Barcelona International Airport is placed on the Llobregat river delta, close to the coast. The airport 
has a very flat surface with an elevation from 1m to 4m above sea level, making it vulnerable in case of 
tsunami. A tsunami striking the airport would be very dangerous for people in the area, planes, and 
infrastructures, and for the flights taking off or landing. 
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Figure 3.11: Earthquakes number and magnitude during September and October 2013 
Source: IGC 
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Figure 3.12: Ports along the Catalan Coast 
Source: Ports de la Generalitat 
As occurred with the Fukushima nuclear power plant, tsunamis have nuclear risks associated if there are 
nuclear power plants in the coast. In the south of the Catalan Coast, between Tarragona and the Ebro Delta, 
it is placed the Vandellós nuclear power plant. The power plant is divided in two different stations, Vandellós 
I and II. The first one was closed in 1989, and the second one has been running since 1988. Because they 
are placed in a seismic area, the plants were designed to withstand possible large earthquakes. They are 
built in a 22m height platform from the sea water level, so the risk a tsunami reaches the plant is low. 
However, the cooling system is open to the Mediterranean Sea and a flow coming from the sea could be a 
possible threat for the plant. 
The Ebro Delta is on the Ramsar Convention list of wetlands since 1993. The fundamental ecological 
functions of wetlands and their economic, cultural, scientific and recreational value are widely recognized. 
The Ebro Delta is placed in the south Catalan Coast and covers 7.736ha. A tsunami would have terrible 
consequences in a low ground like this, being a risk to people living in the area and for the ecosystem itself.  
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4. Methodology 
In this study the Worst-case Credible Tsunami Scenario Analysis (WCTSA) is used to approach the Catalan 
Coast exposition to tsunamis. Based on the findings of the WCTSA the study is focused on the areas were 
the hazard is expected to be higher.  
 The WCTSA has been developed within the framework of the EU-funded project SCHEMA, and has been 
previously used for tsunami hazard approach (Tinti et al., 2005; Okal and Synolakis, 2008; Lorito et al., 2008; 
Tonini et al., 2011). It is an alternative or complementary analysis to the Probabilistic Tsunami Hazard 
Analysis (PTHA), which needs more input data and has a higher computational cost. The data needed to use 
the PTHA are not always available and its capability depends on the amount of information accessible and 
on the knowledge of the potential sources, their frequency-magnitude laws and the associated occurrence 
probability models. 
The WCTSA focuses on the largest credible sources, generating and propagating the correspondent tsunami 
in the target area. It can be defined in three steps. 
 Source identification  
Identify the sources capable to produce the most significant tsunamis in the area. In Table 3.1 there is a 
list of the faults in front of the Catalan Coast and their potential maximum earthquake. For the worst-case 
scenario the faults with a 𝑀𝑤 ⁡7 or major earthquake associated will be run. Five different faults (Fault 1, 
Fault 8, Fault 9, Fault 18 and Fault 25) accomplish this requisite. Even if these events are local (the 
sources are very close to the coast), these faults are spread along all the study area, so we can expect 
hazard in the entire Catalan Coast.  
 Generation and propagation 
To evaluate the tsunami hazard it is mandatory to generate and propagate realistic waves to evaluate the 
run-up and inundation. Therefore it is necessary to use a numerical model to calculate accurately the 
tsunami generation, propagation and inundation.   
 Build a unique aggregated scenario 
Combining a unique variable, such as the wave height, from all the different computed scenarios in a 
unique aggregated scenario will give the hazard distribution along the coast. This process allows to 
identify areas where the hazard is higher and its source. Consequently, these areas can be focused for 
more detailed studies.  
Once the WCTSA has been carried out, three areas have been chosen to realize a more accurate hazard 
analysis. These areas are: 
 Gulf of Roses 
The Gulf of Roses has been selected because of the high wave heights recorded in the area and the 
urbanized low laying coast. In the area Empuriabrava, the greatest residential marina in Europe, with 
23km of navigable channels, and Santa Margarida (urbanization and marina) are found. The low 
topography and channels in the urbanizations increase the tsunami impact, in contrast to the effect in 
other populations in the area with higher promenades and topography, such as Roses. Moreover, 
several campings’ places are located along the low coastline, together with the Natural Park of the 
Empordà Marshes and other non-urbanize areas. 
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 Barcelona area 
There are two main reasons to do a more specific study in this area. First, Barcelona is the largestt 
Catalan city and the second most populated in Spain. In the Barcelona Metropolitan Area lives the 41% 
of the Catalan population. Secondly, some of the most important Catalan infrastructures, like the 
Barcelona Airport and the Barcelona Harbour, are placed in this area. As stated before, the Barcelona 
Airport is placed close to the coastline, making it vulnerable to tsunami impacts in the Catalan Coast. 
Harbours are very sensitive to tsunamis, for what a high precision topo-bathimetry has been created to 
study the tsunami effects in the Barcelona Harbour. 
 Ebro Delta 
Even if the wave heights in the area are small in comparison to other areas, the nature and extremely flat 
topography of the Ebro Delta makes it worth to study the impact of a possible tsunami on it. The Natural 
Park of the Ebro Delta is the largest wetland of Catalonia and the second largest inhabited waterbody of 
the western Mediterranean and Spain. 
Numerical models 
The wave propagation has been widely studied over the last 150 years, first analytically and in the last 
decades through the use of numerical models. Three different models have been developed and used to 
propagate shallow water waves and therefore tsunamis.  
 Shallow water equations 
Two-dimensional (2D) depth-integrated numerical models have been generally used for wave 
propagation recently. The shallow water equations come from deriving the Navier-Stokes equations. The 
lower order of approximation is the linear shallow water wave equation. This case does not consider the 
non-linear terms, and works correctly in depths where the tsunami amplitude is much smaller than the 
water depth. When the wave reaches shallower waters the wave amplitude increase and non-linear 
terms cannot be neglected. The nonlinear convective inertia force and bottom friction terms become 
more important. Therefore to describe the flow motion in coastal areas it is adequate to use the nonlinear 
shallow water equations (Kajiura and Shuto, 1990; Liu et al., 1994).  
Different numerical codes based on shallow water equations have been developed, as MOST, used by 
NOAA to forecast tsunami inundation, and COMCOT, used previously in studies of tsunamis reaching 
the Spanish coasts (Llanos, 2010; Riquelme, 2009). 
 Boussinesq type equations 
In the Boussinesq type equations the non-linearity and dispersion are small and similar in magnitude. 
They were originally derived as a model for solitary waves (Boussinesq, 1872) and have been used to 
model solitary wave run-up (Borthwick et al, 2006, Dutykth et al, 2011) and tsunami propagation (Watts 
et al, 2003). FUNWAVE and CoulWave are numerical models based on Boussinesq type equations. 
 Computational Fluid Dynamics (CFD) 
The motion of fluids can be modelled by the Navier-Stokes equations, derived from Newton’s 
conservation of momentum in the fluid motion. With the conservation of mass they form a four non-linear 
equation system, linking the three components of velocity and pressure.  
Recently, advances have been done in CFD numerical models. An OpenFOAM based 3D numerical 
model has been developed for coastal and hydraulic engineering applications, able to reproduce the 
Monai valley tsunami physical model test (Dimakopoulos et al, 2014). The wave accuracy is higher in 
CFD models, and so is the computational cost. 
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In this work COMCOT, a shallow water equations based model, is used because of the available resources 
and the good results previously obtained with this model. 
4.1. Numerical model: COMCOT 
COMCOT (Cornell Multi-grid Coupled Tsunami model) is a free access tsunami modelling package 
developed to simulate the entire lifespan of a tsunami, including the generation, propagation and run-up. It 
has been used to reproduce historical tsunamis including 1755 Lisbon Tsunami (Llanos, 2010), 2003 
Algerian Tsunami (Wang and Liu, 2005) and 2004 Indian Ocean tsunami (Wang and Liu, 2006). 
To run COMCOT several meshes for the different areas studied and the fault parameters needed to 
generate the initial water perturbations will be used. Using these data, COMCOT is able to generate and 
propagate the wave generated along the given grids. 
4.1.1. Mesh 
COMCOT adopts finite difference schemes to solve the shallow water equations in both Spherical and 
Cartesian coordinates. Using a nested grid system allows a detailed mesh in the coastal region and save 
computational cost in deeper waters, where a precise mesh is not necessary. 
A nested grid system has one or more layers within the main grid (Figure 4.1). The hierarchy grid system 
setup the main grid as the 1
st
 level, the grid regions directly nested on the 1
st
 level grid as the 2
nd
 level and 
so forth. The grid size ratio defines the relation between two directly nested grid layers; it has to be an 
integer number and it is recommended to be smaller than ten (Wang, 2009). Two or more different grids can 
be placed in the same level. 
COMCOT nested grid system allows until 12 sub-level layers. Sublevels from a grid using Cartesian 
coordinate system have to use it too. Linear and non-linear equations can be used in different layers too, but 
as happened with Cartesian coordinates, sublevels from a grid using non-linear equations have to use them 
too. All grids in COMCOT have uniform dimensions (Δx=Δy). 
 
 
Figure 4.1: Sketch of Nested Grid Setup 
The time step (Δt) has to be defined for the main layer and has to satisfy the Courant condition for shallow 
waves: 
𝛥𝑡 <
𝛥𝑥
√𝑔ℎ𝑚𝑎𝑥
 (8) 
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where g is the gravitational acceleration and hmax the maximum water depth within the region.  
If the Courant condition is not satisfied COMCOT will automatically adjust Δt to make the Courant condition 
being satisfied. The maximum Δt accepted by COMCOT is fixed as 0.5
∆𝑥
√𝑔ℎ𝑚𝑎𝑥
. The time step size changes 
between different grid levels depending on the grid size and the water depth. For simplicity COMCOT 
assumes that the time step of inner levels is one half of the outer level.  
The volume flux along boundaries is obtained interpolating the neighbouring volume fluxes calculated from 
the continuity equation.  
4.1.2. Generation 
COMCOT is able to generate tsunamis with three different generation mechanisms; two of them as sea floor 
disturbances, and one water surface disturbance mechanism: 
 Sea floor disturbances 
The seafloor disturbances used in COMCOT can be classified in two different mechanisms depending on 
the seafloor relative motion duration.   
 Instantaneous deformation – Elastic fault model 
When the floor motion duration is much shorter than the tsunami wave period generated it can be 
assumed that the motion is instantaneous and the seafloor displacement can be estimated via fault 
models (Mansinha and Smylie, 1971; Okada, 1985). The model assumes that the water surface 
follow the seafloor disturbance and has the same exact uplift. This mechanism is generally used 
when the tsunami source is an earthquake. 
 Transient Seafloor Motion 
If the floors rupture duration is comparable to the tsunami wave period the duration of rupturing 
cannot be neglected and should be considered in the numerical simulations. This seafloor motion 
process can be caused by seafloor rupture by an earthquake or because of submarine landslides. 
 Water surface disturbances 
COMCOT can generate tsunamis from customized profiles of water displacements. This mechanism 
needs a data file with the water surface displacement profile that will be the tsunami source. 
On this study the elastic fault model is used. The elastic fault model assumes an idealized rectangular plane 
as the interface between two colliding plates, where the motion will take place during an earthquake event. 
The Gulf of Valencia fault data (Perea, 2006) are used to reproduce the fault movement and generate the 
possible tsunamis along the Catalan Coast.  
4.1.3. Propagation 
In the cases of instantaneous seafloor rupture the water surface is assumed to follow the seafloor 
displacement. COMCOT propagates this water surface disturbance using leap-frog finite difference schemes 
to solve the shallow water equations. 
The tsunami wavelength (l0) is usually longer than the water depth (h0) so the dispersion effect,⁡µ =
ℎ0
𝑙0
, can 
be practically neglected if it is smaller than 
1
20
 (Wang, 2009). Shallow water equations applied to this scenario 
have shown to be efficient simulating tsunamis without need of solving high-order derivatives associated to 
nonlinearity and frequency dispersion.  
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COMCOT implements linear and nonlinear shallow water equations. When the tsunami propagates over a 
continental shelf and approaches the shoreline, the tsunami wave length becomes shorter and the amplitude 
larger. At this point the nonlinear convective inertia force and bottom friction terms gain importance and the 
linear shallow water equations are no longer valid. Then it is correct to use the nonlinear shallow water 
equations to describe the flow motion in the coastal area including the bottom friction effects (Kajiura and 
Shuto, 1990; Liu et al., 1994). 
In this study the sources are local, close to the coast, and the depths in the Mediterranean are smaller in 
comparison with ocean depths. Because of this nonlinear equations have been used to propagate the waves 
in all the different grids. 
In the leap-frog finite different schemes, free surface elevation and volume fluxes (P & Q) (product of velocity 
and water depth) are staggered in time and space. The water surface displacement is evaluated at the 
centre of a grid cell meanwhile the fluxes are evaluated at the cell edge centres (Figure 4.2). 
Linear and nonlinear shallow water equations are discretized using the same leap-frog scheme. However 
nonlinear convection terms are discretized with an upwind scheme. Upwind formulation is preferred for 
solving advective terms because the small computational work needed. Free surface elevation is evaluated 
at time levels 𝑡 = (𝑛 ±
1
2
)∆𝑡 and the volume flux components (P & Q) are calculated at time levels 𝑡 = 𝑛∆𝑡 
and⁡𝑡 = (𝑛 + 1)∆𝑡. 
 
 
Figure 4.2: Sketch of Staggered Grid Setup in COMCOT 
Source: Llanos, 2010.  
4.1.4. Run-up 
On the shoreline, where the water depth becomes 0, a special treatment to analyse the water flow is 
required. COMCOT uses a moving boundary scheme to calculate the run-up.  
The boundary is the line between water and dry land. Dry land is defined by a negative water depth value 
equal to the land elevation measured from the Mean Water Level (MWL). When a wave reaches the 
shoreline moves this boundary, defining the run-up. The parameters that COMCOT uses to do the 
calculations can be shown in Figure 4.3. These parameters are: 
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 MWL: Mean Water Level 
 h: Depth 
 ς: Water height. 
 Hf: Flooding depth 
 H: Total depth (h+ς) 
To find the free surface displacements between time steps COMCOT uses the continuity equations together 
with the boundary conditions along offshore boundaries. This process is realized in the whole grid, including 
dry land. However, dry land cells higher than 50m will not be included in the calculations to save computing 
time.  
In every time step, if the shoreline grid depth is modified, COMCOT use a numerical algorithm to determine if 
the water height is high enough to flood continuous dry cells, moving the boundary and so the shoreline. 
Different experimental and practical studies (Liu et al., 1994, 1995; Cho, 1995; Wang and Liu, 2007) have 
validated this moving boundary scheme. Nevertheless, for a proper evaluation of the run-up, a precise 
bathymetry and the topography are necessary, as well as coastal defence geometry, that highly affects the 
run-up propagation. 
 
 
Figure 4.3: Moving boundary scheme 
Source: COMCOT User Manual v1.7 
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4.1.5. Output 
COMCOT returns series of data files sufficient to explain the wave generation and propagation. These data 
are: 
 Initial condition: A data file with the initial water surface displacement. 
 Free surface elevation (WSE): The free surface elevation will be output for all the grid points in the grid 
layer. There will be a WSE data file for every number of time steps specified. 
 Volume Fluxes (VF): Similarly, two additional data files will be created for the same time steps, with the 
volume flux data in x direction and y direction respectively. The velocity components (u, v) at a grid can 
be obtained dividing the volume flux components by the total water depth. 
 Time history records: COMCOT allows to place numerical tidal gauges in the grids. A series of data files 
will be created for every tidal gauge, containing the WSE evolution at the specified point 
 Maximum Free surface elevation/Depression: The maximum free surface elevation and depression will 
be output every hour and at the end of a simulation. 
The final output of the WCTSA is a series of maps and graphs where the wave propagation and hazard 
distributions for all the fault sources is shonnw. For the hazard analysis, the maximum wave heights along 
the coast and the maximum inundation area are shown, together with the water surface recorded in different 
numerical gauges. In the Barcelona Harbour area the minimum free surface elevation and the particle 
velocities inside the harbour are presented. 
To explain the wave generation and propagation, the initial condition, the free surface elevation, the volume 
fluxes and the time history records have been used. To reproduce the hazard distribution and calculate the 
maximum inundation, it has been plotted the maximum free surface elevation. To calculate the volume fluxes 
the free surface elevation and the bathymetry have been used. 
4.2. Input data 
4.2.1. Catalan Coast available datasets and meshing 
Shallow-water wave propagation is directly dependant of the bathymetry. In areas close to the coast, topo-
bathymetric details have a big influence in the wave evolution and inundation. To accomplish reliable 
inundation scenarios to have a good coastal morphology description is necessary.  Four different sources to 
create the necessary meshes for the study have been used. The different sources are: 
 General Bathymetric Chart of the Oceans (GEBCO): The GEBCO_2014 Grid is a 30 arc-second 
(0.5’~926m) topo-bathymetry. It has been used for the general levels, where there is no need of detailed 
dataset. 
 European Marine Observation and Data Network (EMODnet): The EMODnet bathymetry is generated for 
European sea regions from bathymetric survey datasets and composite Digital Terrain Models (DTM). 
Since February 2015 it has a 1/8 minute (0.25’~463m) grid size resolution. It has been used for the more 
detailed levels. It has to be complemented with topography data for inundation studies.  
 Institut Cartogràfic I Geològic de Catalunya (ICGC): Its 15m topography DTM has been used to 
complement the EMODnet bathymetry.  The dataset is available in Cartesian coordinates. 
 Port de Barcelona: The harbour plan produced by the Barcelona Harbour (Fachada Maritima Cataluña) 
has been used to create a detailed 0.75’’~23m mesh, including the harbour sea defences. 
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These datasets have been used to create a series of nested grids in four different levels (Table 4.1). The first 
and second levels cover the entire Catalan Coast and these levels have been used to carry out the WCTSA. 
Once the hazard along the Catalan Coast has been analysed, the third and four levels where the analysis 
has shown a higher hazard have been created, to make more precise studies, including inundation analysis. 
Table 4.1: Levels sources 
Level Source 
1 GEBCO 
2 GEBCO 
3 EMODnet & ICGC 
4 ICGC & Port de Barcelona 
 
The different meshes have been integrated into a nested Spherical coordinate system, though the data 
sources were available in different coordinate systems. Grid size ratios between 4 and 5 have been used in 
the different levels. All grids use nonlinear equations and the same Manning’s roughness parameter 0.013. 
Table 4.2 shows the different grid parameters used in the study. Grid A is the general grid and represents 
the northeast Iberian Peninsula Coast and part of the Balearic Islands. Grids B1, B2 and B3 cover the entire 
Catalan Coast. The third level grids contain the areas studied in detail; Grid C1 contains the Roses Gulf, Grid 
C2 Barcelona and surroundings and C3 the Ebro delta. Grid D, in the fourth level, represents the Barcelona 
Harbour (Figure 4.4). 
The numerical gauges coordinates have to been provided in order to record the surface elevation at specific 
points. The gauges have been placed in each case after the maximum water elevation analysis, in order to 
capture the highest waves in the area. The gauges might be placed at the same depth to compare the waves 
recorded. In the hazard analysis the gauges have been placed at 10m depth. This depth is high enough so 
that the shallow wave approximation be still valid, being the wave amplitudes smaller than the water depth. 
Because the coastline is highly affected by the grid resolution, and some gauges should change its location 
between grids to stay at 10m depth, it has been placed the gauges in the WCTSA at 30m depth, being the 
water depth under the gauges similar between grids. In this way the readings in the different levels can be 
compared in the same point. 
Table 4.2: Grid characteristics 
Grid Level 
Initial 
Latitude 
(º) 
Final 
Latitude 
(º) 
Initial 
Longitude 
(º) 
Final 
Longitude 
(º) 
Grid 
resolution 
(minutes) 
Nodes 
Number 
Grid A 1 39.5 42.5 0 4 1 241x181 
Grid B1 2 41 42.4 2 3.75 0.25 421x337 
Grid B2 2 40.72708 41.98958 1.410417 3.139584 0.25 416x304 
Grid B3 2 40.3126 41.4926 0.3075 2.2375 0.25 460x280 
Grid C1 3 41.9091 42.27942 3.0456 3.41925 0.05 459x454 
Grid C2 3 41.16499 41.51416 2.00583 2.39416 0.05 467x420 
Grid C3 3 40.53 40.8969 0.5 0.9653 0.05 559x441 
Grid D 4 41.28094 41.3899 2.12771 2.205729 0.0125 380x524 
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Figure 4.4: Catalan Coast nested grids. Upper map corresponds to Grid A, where Grids B and C are located. 
Lower map is a detail of the upper one where Grid D is situated. Water depths are in positive numbers. 
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4.2.2. Fault parameters 
The available fault information in Table 3.1 has some of the parameters needed to reproduce the fault 
movement, length, width, strike direction and dip angle, but others as epicentre coordinates, focal depth, 
fault plate dislocation (slip) and slip angle are still unknown. These parameters can be calculated from the 
available information available.  
 Epicentre latitude and longitude 
The north and south fault projection coordinates are available. Without previous data of high magnitude 
earthquake epicentres, the epicentre has been placed in the fault plane centre. To calculate the fault 
plane centre the fault strike direction and width have been used. 
 Focal depth 
In the previous sections we have seen that earthquakes normally occur between 5km and 15km depth. 
Because of the lack of information in the area a depth of 10km depth has been used for all the cases, 
being the range middle value. 
 Slip length 
The dislocation is not a constant fault parameter; since it depends on the earthquake event. There are no 
slip length data available about the studied faults, but it can be calculated using the seismic moment 
equation.  
𝑀𝑜𝑚𝑒𝑛𝑡 = 𝑅𝑖𝑔𝑖𝑑𝑖𝑡𝑦 ∗ 𝐹𝑎𝑢𝑙𝑡⁡𝐴𝑟𝑒𝑎 ∗ 𝑆𝑙𝑖𝑝⁡𝐿𝑒𝑛𝑔𝑡ℎ  (9) 
Using the seismic moment and the magnitude relationship (1) the slip length associated to the 
characteristic earthquake has been calculated. This slip length is assumed to be the maximum expected, 
and subsequently the worst case scenario. For these calculations a 32GPa rigidity has been used.  
 Slip angle (λ) 
The slip angle describes the movement between faults, and is relative to each event. If it is 0º the 
movement between faults is horizontal, along the strike direction and if it is 90º the movement takes 
place along the dip direction. The positive or negative direction is defined by the fault characterization: it 
is positive for inverse faults and negative for normal faults. A value of -90º is assumed for all the events, 
because the faults in the area have been characterized as normal faults (Perea, 2009), and 90º angle 
gives the maximum movement in the vertical direction, being the most hazardous case expected. 
5. WCTSA 
To carry out the Worst-case Credible Tsunami Scenario Analysis, first the fault sources are identified and 
their parameters defined. Secondly the wave generation and propagation together with the maximum free 
surface elevation map for every fault are presented. Finally, the maximum surface elevation aggregated 
scenario and fault contribution maps have been built. 
In Figure 5.1 and Figure 5.2 it is shown the landforms in the Catalan Coast that would influence the wave 
propagation, and the cities, urbanizations and points of interest that will be used as references in the results.  
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Figure 5.1: Points of interest and landforms in the northern Catalan Coast 
 
 
Figure 5.2: Points of interest and landforms in the southern Catalan Coast 
5.1. Fault sources 
Previously it was stated that the faults with 𝑀𝑤7 or a major earthquake associated would be run. These are 
Fault 1, Fault 8, Fault 9, Fault 18 and Fault 25 in Table 3.1. The missing information for each fault necessary 
 47 
 
 
Tsunami hazard and modelling along the Catalan Coast 
 
to run the model has been collected and calculated, and then written in Table 5.1. The fault location and 
projection are shown in Figure 5.3. Fault 1 and Fault 8 slip offshore meanwhile the other three slip towards 
the coast. 
Table 5.1: Studied faults parameters for elastic model 
Parameter Fault 1 Fault 8 Fault 9 Fault 18 Fault 25 
𝑀𝑤 7.3 7.6 7.1 7 7.1 
Epicentre Lat. (º) 42.110 41.483 41.685 40.934 40.321 
Epicentre Long. (º) 3.304 2.645 3.153 1.774 0.690 
Focal depth (m) 10,000 10,000 10,000 10,000 10,000 
Length (m) 76,100 123,300 50,100 40,700 47,600 
Width (m) 17,300 17300 17300 17300  17,300 
Strike direction θ (º) 320 56 245 228 184 
Dip angle δ (º) 60 60 60 60 60 
Slip length (m) 2.66 4.63 2.03 1.77 2.13 
Slip angle λ (º) -90 -90 -90 -90 -90 
 
 
Figure 5.3: Faults used to compute the tsunami effects on the Catalan coast. Red lines represent the 
intersection of the fault plane with the seafloor and the grey transparent rectangles the projection of the fault 
plane on the seafloor. 
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5.2. Fault 1 
Fault 1 is placed in the Gulf of Roses, in the northeast Catalan Coast. The fault is perpendicular to the 
general Catalan coastline, being partially inland in its northwest end. Its maximum earthquake associated is 
𝑀𝑤 ⁡7.3, and its initial movement causes a maximum free surface elevation of 0.4m in the coastal side and a 
maximum 1.4m free surface depression offshore (Figure 5.4).  
 
 
 
 
 
Figure 5.4: Fault 1 location and initial water surface disturbance. Bathymetry contour lines every 200 m. 
Figure 5.5 shows the wave propagation in the Roses Gulf. A crest takes shape 5 minutes after the 
generation, moving along the fault direction. Palafrugell coasts are reached by a crest at minute 10. The 
evidence suggests that La Fonera Canyon has an influence in the wave propagation, leading the waves 
onshore in the canyon direction. The tsunami reaches Cap de Creus 20 minutes after the generation, and 
finally Roses Bay at minute 25.  
Three different gauges have been placed at 30 m depth in the more affected areas (Figure 5.6). Figure 5.7 
shows the plot of the computed wave free surface elevation versus time is plotted in the different gauge 
locations for fault 1 scenario. The free surface starts with different elevations for the three gauges because 
they are placed in the generation area. In gauge 1 the maximum wave crest is produced at minute 20, 
reaching 2m, and in less than 5 minutes it reaches its maximum depression, 2.2 m. The wave at this point 
has a 10 minutes period. Roses Bay, where gauge 2 is placed, is affected by a longer period wave. It starts 
with a 1.2m depression and reaches its maximum elevation, 1.3m, after 23 minutes. The wave has period of 
48 minutes in Roses Bay, when it reaches again a 1m depression. The wave arrives to gauge 3, placed in 
front of Palafrugell coast, 7 minutes after the initial disturbance, reaching a 2.3m depression and followed by 
a 3.6m wave height. The wave has an 8 minutes period in Gauge 3.  
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Figure 5.5: Tsunami propagation Grid B1 snapshots every 5 minutes for fault 1 scenario. Bathymetry contour 
lines every 100 m. 
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Figure 5.6: Location of the numerical gauges in fault 1 scenario. Bathymetry contour lines every 100 m. 
 
 
 
Figure 5.7: Computed time series of free surface elevation during fault 1 scenario 
Figure 5.8 shows the maximum free surface elevation. It can be seen that the areas with higher water 
elevations are Cap de Creus, Roses Bay and the Baix Empordà Marshes. Flooded areas can be seen in 
Empuriabrava, the Natural Parks of the Empordà Marshes and the Baix Empordà Marshes. The maximum 
free surface elevation is 3.8 m. 
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Figure 5.8: Maximum water elevation in Grid B1 for fault 1 scenario. Bathymetry contour lines every 100 m. 
5.3. Fault 8 
Fault 8 is placed 10km offshore from the coast line and parallel to it (Figure 5.9). It is 123km long and it is the 
longest fault considered in this study. It covers the coast from Palamós in its northeast end till Barcelona in 
its southwest side. It has the largest earthquake associated in this study (𝑀𝑤 ⁡7.6), and the largest slip length 
(4.63m). Similarly to fault 1, fault 8 slides towards the offshore. The initial displacement produces a maximum 
free surface depression of 2.2m and a maximum water elevation of 0.8m. 
 
 
 
 
 
Figure 5.9: Fault 8 location and initial free surface disturbance. Bathymetry contour lines every 200 m. 
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Figure 5.10 shows the wave propagation during the first 50 minutes. The coastline is affected by the initial 
disturbance because of the short distance between the fault and the coast. A crest takes form in front of the 
coast 10 minutes after the earthquake. This crest is affected by the bathymetry, being smaller on the Blanes 
Canyon where depth is higher. After 20 minutes, the crest has reached the coast and also how the wave 
propagates faster towards the Balearic Islands. The trough leading wave arrives to the Balearic Islands 
coasts at minute 30 and to the Ebro Delta at minute 40 after the earthquake. We can see, from minute 20 to 
50, how the wave propagates slower in San Jorge Gulf shallower waters. 
 
   
 
   
Figure 5.10: Tsunami propagation Grid A snapshots every 10 minutes for fault 8 scenario. Bathymetry 
contour lines every 200 m. 
Figure 5.11 shows more in detail the tsunami propagation in Grid B1. After the initial displacement, the 
tsunami firstly hits Blanes and Barcelona Harbour after 10 minutes. The Blanes Canyon affects the wave 
propagation in the same way that La Fonera Canyon has done in fault 1 case, increasing the wave celerity in 
that region. On the other hand, Barcelona Harbour is closer to the initial water disturbance. The entire coast 
has been reached by the initial wave 20 minutes after the generation. Between minutes 20 and 30 we can 
see the wave crest reflection in the shallow area between Blanes Canyon and La Fonera Canyon. The 
canyons placed in front of Mataró may influence the wave propagation too, causing wave concentrations in 
Mataró area. 
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Figure 5.11: Tsunami propagation Grid B1 snapshots every 5 minutes for fault 8 scenario. Bathymetry 
contour lines every 100 m. 
For fault 8 case four numerical gauges have been placed at 30m depth along the coast (Figure 5.12). 
Figure 5.13 shows the plot of the computed free surface elevation has been plotted for fault 8 scenario in the 
different gauge locations. A trough leading wave reaches Gauge 1 after 5 minutes with a 3.1m maximum 
depression and its 1.69m maximum water elevation at minute 12. The initial wave period in Gauge 1 is 13 
minutes. The wave reaches Gauge 2 at minute 5 with a smaller water surface depression, 1.29m, followed 
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by a small 0.5m crest. Until minute 25 the wave does not reach its 2.1m maximum crest. The wave at Gauge 
2 has a period of about 15 minutes. At the same time the wave reaches its maximum elevation at Gauge 1, it 
reaches Gauge 3 with a 2.7m maximum depression. It is followed by a 1.8m crest, but is not until minute 42 
that it reaches its 2.8m maximum water elevation. The wave has a 25 minute period in Gauge 3. The wave is 
smaller at Gauge 4 reaching its 1.4m maximum depression 4 minutes after the generation and its maximum 
1.2m crest at minute 16. At Gauge 4 the wave has a 19 minutes period. 
 
 
Figure 5.12: Numerical gauge position in fault 8 scenario. Bathymetry contour lines every 100 m. 
 
 
 
Figure 5.13: Computed time series of free surface elevation during fault 8 scenario. 
Figure 5.14 shows the maximum free surface elevation for fault 8 scenario. The greater wave heights are 
located at Blanes Canyon sides, mainly in its left side. It is apparent that the canyons placed in front of 
Barcelona Coast have an influence in the wave propagation, concentrating wave energy in this area. Smalls 
areas are flooded in Barcelona coasts and Roses Bay. The maximum water elevation registered is 5 m. 
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Figure 5.14: Maximum water elevation in Grid B1 for fault 8 scenario. Bathymetry contour lines every 100 m. 
5.4. Fault 9 
Fault 9 is placed between La Fonera Canyon and Blanes Canyon (Figure 5.15). In contrast to fault 1 and 
fault 8, fault 9 slides towards the coast. Its maximum earthquake associated is 𝑀𝑤⁡7.1 and causes an initial 
disturbance with a 0.3m maximum free surface elevation, and 1.1m maximum depression.  
 
 
 
Figure 5.15: Fault 9 location and initial water surface disturbance. Bathymetry contour lines every 200 m. 
Figure 5.16 shows the wave propagation generated by fault 9 displacement. There, waves propagating 
parallel to the coast can be observed, as well as the canyons concentrating wave energy between them in 
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minutes 0 to 15. After minute 15 until minute 40 the reflected wave propagation is observed. The wave 
height decreases in deeper waters whereas it maintains part of it in the coastline.  
 
   
 
   
   
Figure 5.16: Tsunami propagation Grid B1 snapshots every 5 minutes for fault 9 scenario. Bathymetry 
contour lines every 100 m. 
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One gauge has been placed in front of Palamós coast (Figure 5.17) at 30m depth, and the water surface 
registered there has been plotted in Figure 5.18. The trough leading wave reaches the gauge after 10 
minutes, with its maximum free surface depression, 1.1m, and reaches its maximum water elevation, 1.6m, 5 
minutes later. After the initial wave, the wave train loses significantly height. The generated wave has a 20 
minutes period. 
 
 
Figure 5.17: Numerical gauge position in fault 9 scenario. Bathymetry contour lines every 100 m. 
 
 
 
Figure 5.18: Computed time series of free surface elevation during fault 9 scenario 
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Figure 5.19 shows the maximum free surface elevation for fault 9 scenario. Greater water elevations 
concentrate in front of Palamós Coast spreading along the surrounding areas with some significant water 
elevations, but without producing notable flooding. The maximum water elevation registered is 3.2m. 
 
 
 
Figure 5.19: Maximum water elevation in Grid B1 for fault 9 scenario. Bathymetry contour lines every 100 m. 
5.5. Fault 18 
Fault 18 is placed between Tarragona Canyon and Tortosa Canyon (Figure 5.20). It has the smaller 
maximum credible earthquake associated (𝑀𝑤⁡7) and so the smaller slip length, 1.7m. The initial movement 
causes a 0.3m maximum water elevation offshore, and 0.9m free surface depression towards the coast. 
In Figure 5.21 the wave propagation over the first 25 minutes is shown. The wave propagates more regularly 
in contrast to the previous cases studied. It is apparent that the fault situation offshore leads to steadier wave 
propagation. The through leading wave reaches the Catalan Coast 15 minutes after the generation and the 
wave train propagates also to the Ebro Delta, leaded by a small disturbance. 
Two gauges have been placed, Gauge 1 in front of Villanova y la Geltrú, and Gauge 2 in front of Calafell 
coast, both at 30m depth (Figure 5.22). 
In Figure 5.23 a through leading wave can be seen reaching gauge 1 with a maximum 0.7m free surface 
depression at minute 8, as well as its maximum 0.8m crest at minute 10. At minute 25 a smaller, but notable, 
crest can be seen. At gauge 2 a similar wave is observed 4 minutes later, but this one is followed by another 
crest at minute 21, with a higher water elevation, being the maximum registered. This second crest is 
probably a reflexion. Gauge 2 is closer to the coast than gauge 1, so the reflection is quicker here and has 
smaller loses than the wave in gauge 1. The wave generated has a period of about 10 minutes. 
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Figure 5.20: Fault 18 location and initial water surface disturbance. Bathymetry contour lines every 200 m. 
 
 
   
 
   
Figure 5.21: Tsunami propagation Grid B3 snapshots every 5 minutes for fault 18 scenario. Bathymetry 
contour lines every 100 m. 
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Figure 5.22: Numerical gauge position in fault 18 scenario. Bathymetry contour lines every 100 m. 
 
 
 
Figure 5.23: Computed time series of free surface elevation during fault 18 scenario 
 
In Figure 5.24 the maximum water elevation distribution is presented. The wave energy focuses on Villanova 
y la Geltrú and Torredembarra coasts because of the Tarragona Canyon influence in the wave propagation. 
The maximum free surface elevation registered is 1.8m and there are no significant flooded areas. 
 61 
 
 
Tsunami hazard and modelling along the Catalan Coast 
 
 
  
Figure 5.24: Maximum water elevation in Grid B3 for fault 18 scenario. Bathymetry contour lines every 100 
m. 
5.6. Fault 25 
Fault 25 is located below the Ebro Delta; it has a north-south direction and slides to the coast (Figure 5.25). 
The maximum earthquake associated 𝑀𝑤7.1 generates a 0.3m maximum initial water elevation offshore, and 
a 1.1m maximum depression towards the coast. 
 
 
 
Figure 5.25: Fault 25 location and initial water surface disturbance. Bathymetry contour lines every 200 m. 
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Figure 5.26 shows the wave propagation along the Catalan Coast. There, it can be observed how the wave 
propagates slower in San Jorge Gulf, due to the shallower bathymetry and its relation with the wave celerity. 
The wave reaches Castellon Coast 30 minutes after the earthquake, and in the same moment a crest takes 
shape in the gulf margin. This crest propagates towards the Ebro Delta, and hits the Tortosa Cape at minute 
60. At this point, the reflection of the wave that hit the Castellon Coast has reached the delta southern area. 
At minute 80, the wave generated in the gulf margin has reached the delta northern coast. 
 
   
 
   
   
Figure 5.26: Tsunami propagation Grid A snapshots every 10 minutes for fault 25 scenario. Bathymetry 
contour lines every 200 m. 
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Two gauges have been placed, gauge 1 in Tortosa’s Cape and gauge 2 in front of Benicarnlo Coast, both at 
30m depth (Figure 5.27). The computed time series are plotted in Figure 5.28, where the wave does not 
reach significantly gauge 1 until 60 minutes after the initial disturbance, with a 0.7m maximum water 
elevation. It is not after a second crest in minute 95 when the wave reaches its maximum 0.35m free surface 
depression, at minute 112. Gauge 2 is affected by the initial water displacement and is reached by its 
maximum depression, 0.6m, at minute 12. It has its maximum water elevation at minute 43, with a 0.5m 
crest. 
 
 
Figure 5.27: Numerical gauge position in fault 18 scenario. Bathymetry contour lines every 100 m. 
 
 
 
Figure 5.28: Computed time series of free surface elevation during fault 25 scenario 
Figure 5.29 shows the maximum water elevation in the Ebro Delta produced by the fault 25 displacement. 
Wave heights concentrate in Castellon coast and Tortosa Cape. The maximum free surface registered is 
2.2m. Even with smaller waves compared to the previous cases, flooded areas in the Ebro Delta can be 
seen because its topography, mainly consisting of low-lying lands. 
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Figure 5.29: Maximum water elevation in Grid B3 for fault 25 scenario. Bathymetry contour lines every 100 
m. 
5.7. Aggregated scenario 
The WCTSA objective is to obtain a combined hazard map of the selected tsunami sources. A joint map with 
the maximum water elevation from the five different sources has been created (Figure 5.30). 
 
 
 
Figure 5.30: Maximum water elevation in Grid A for the aggregated scenario. Bathymetry contour lines every 
100 m. 
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The map shows the worst case scenario for the entire Catalan Coast and it cannot be related to a unique 
single fault source. The map provides a good approximation for the highest level of hazard expected along 
the coast.  
The area with the highest hazard associated is the northern Catalan Coast, from the Gulf of Roses to 
Barcelona, but the hazard is not irrelevant in the rest of the coast, including Castellón and the Balearic 
Islands 
Figure 5.31 show the contribution of each fault to the maximum water elevation. Fault 8 is the largest 
contributor to the aggregated scenario. Faults 1 and 25 have a large contribution in their respective areas. 
Fault 18 has influence too, but it matches the area with smaller water elevations. As it can be seen, Fault 9 is 
mostly eclipsed by fault, as it could be expected because of both fault locations in the same area, and the 
greater slip length of fault 8. 
 
 
  F1 
 
  F8 
 
  F9 
 
 F18 
 
  F25 
Figure 5.31: Contribution of each fault to the aggregated scenario 
6. Hazard analysis 
As it was previously mentioned, a more accurate hazard analysis in the Gulf of Roses, Barcelona and Ebro 
Delta regions is realized. For this analysis the fault sources responsible of the worst case scenario for each 
region are selected. According to Figure 5.31, fault 1 is the trigger mechanism in the Gulf of Roses, fault 8 in 
Barcelona area, and fault 25 in the Ebro Delta zone. 
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6.1. Gulf of Roses 
The Gulf of Roses has urbanized areas in the sea side with a very low topography. In addition it has many 
camping’s placed in the coast line and low laying areas, and the Empordà Marshes Natural Parks. 
In Figure 6.1 the maximum water elevation in the area is plotted. There are significant areas flooded in the 
north Roses Bay, where the urbanized marinas of Empuriabrava and Santa Margarida are placed, and in the 
Baix Empordà Marshes. The maximum water elevation registered is 4 m and the maximum run-up 4.83m. 
 
 
 
 
Figure 6.1: Maximum free surface elevation in Grid C1 for fault 1 scenario. Bathymetry contour lines every 20 
m. 
Two gauges have been placed in Grid C1 at 10m depth. Gauge 1 is placed in front of Empuriabrava and 
gauge 2 in front of the Baix Empordà Marshes (Figure 6.2). The free surface elevation registered has been 
plotted in Figure 6.3. Gauge 1 starts in 1.2m free surface depression because it is placed in the generation 
area. As seen previously, the wave has a long period in the Roses Bay reaching its maximum, 1.5m 
elevation, after 30 minutes, and later, at minute 50 its minimum -1.5m free surface level. The wave in 
registered in gauge 1 has a 50 minutes period. In gauge 2 the wave is shorter and reaches a higher water 
elevation, with a minimum level, -1.5m level, at minute 8, and a maximum water level, 2m, at minute 20. The 
wave period in gauge 2 is 18 minutes, about a third part of the wave period in gauge 1. 
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Figure 6.2: Numerical gauge position in fault 1 scenario. Bathymetry contour lines every 20 m. 
 
 
 
Figure 6.3: Computed time series of free surface elevation during fault 1 scenario. 
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In Figure 6.4 the flooded area during the event can be observed. The total inundated area reaches 18.7 km
2
; 
including significant urbanized areas from Roses, Empuriabrava and L’Escala, and up to 12 camping’s 
affected by the flooding.  
 
 
Figure 6.4: Flooded area in red for fault 1 scenario in the Gulf of Roses with villages and camping’s affected 
in the area. 
In Figure 6.5 the inundation produced in L’Estartit area has been plotted. Some urbanized areas are partially 
or completely flooded, including four camping’s in the zone. The total surface inundated in the area is 5 km
2
, 
and it reaches up to 1.7km inland. 
The topography influence in the inundation process is evident. The flooding is greater in areas near rivers 
mouths, marshes and canals, where the topography is low-lying or even below the sea surface. 
The inundations would take place when the maximum wave crests hit the coast. The Gulf of Roses coast is 
reached 30 minutes after the earthquake, meanwhile L’Estartit area is reached before, 20 minutes after the 
event. 
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Figure 6.5: Flooded area in red for fault 1 scenario in L’Estartit area and camping’s affected. 
6.2. Barcelona 
The Barcelona Metropolitan Area is highly populated and receives a great amount of tourists, especially 
during summer. Barcelona beaches are densely occupied during peak periods. A tsunami at this time could 
have catastrophic consequences. In this area important infrastructures such as the Barcelona Harbour and 
Airport are also placed, which could be highly affected by a tsunami.  
We can see in Figure 6.6 the maximum wave heights focusing on el Masnou, in the grid northeast, but is in 
the southeast, where the Barcelona Airport is placed, where the larger inundations occur. The maximum 
wave height registered is 5.5 m and the maximum run-up is 4.38m. 
Four gauges to analyse the wave reaching different coastal areas have been placed at 10m depth 
(Figure 6.7). Gauge 1 is placed in front of el Masnou coast, where the maximum free surface elevations have 
been registered. Gauge 2 is placed in Badalona coast and Gauge 3 in front of la Barceloneta sea side, 
where the beaches of Barcelona are located. Gauge 4 is placed in front of the Barcelona Airport.  
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Figure 6.6: Maximum water elevation in Grid C2 for fault 8 scenario. Bathymetry contour lines every 20 m. 
 
 
 
Figure 6.7: Numerical gauge position in fault 8 scenario. Bathymetry contour lines every 20 m. 
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Figure 6.8 shows the plot of the water elevation registered during the event. The trough leading wave 
reaches gauge 1 after 10 minutes with a maximum 2.3m free surface depression, and reaches its 3m crest at 
minute 27. The tsunami does not reach its maximum water elevation, 4.2m, until minute 38, in its second 
crest. The first wave has a 22 minutes period meanwhile the second wave has a 12 minutes period. In gauge 
2 the wave has a similar behaviour, but with smaller maximum water level (3.2m). At gauge 3 the tsunami 
arrives earlier and it does not have a second wave of similar proportions. At minute 8 it reaches its maximum 
free surface depression, 3.1m, and at minute 13 its maximum elevation, 2.9 m. The wave in gauge 3 has a 
16 minutes period. In gauge 4 is where the wave hits before. The maximum (2.2m) free surface depression 
arrives at minute 4, and the maximum 2.9m elevation at minute 11. The wave has a 15 minutes period and it 
does not have successive similar waves. Even being the wave smaller, the inundation in the area is larger. 
This effect is related with the low-lying coast of the Llobregat Delta. 
 
 
Figure 6.8: Computed time series of free surface elevation during fault 8 scenario. 
Figure 6.9 shows the flooded area in the Airport surroundings. The water penetrates inland in the Llobregat 
mouth up to 2km, and the total area inundated is 8.5 km
2
. The wave inundates partially the Barcelona Airport 
and urbanized areas in the seaside, and it floods completely a camping in the area. The evidence suggests 
that the inundation in the area is due to the low topography related with the Llobregat Delta. 
In other parts of the coast, even if the waves are higher, inundations are smaller, reaching in some points the 
200 m. The promenade in the Barceloneta beach is higher than 7m in most of its longitude, while in 
Badalona is higher than 3.5m, and in el Masnou the railroad, placed in some areas at less than 100m from 
the coast, is higher than 4m. The results show these high infrastructures in the seaside act as coastal 
defences against the flooding produced by the tsunami. 
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Figure 6.9: Flooded area in red for fault 8 scenario in the Barcelona airport area. 
6.2.1. Barcelona Harbour 
The tsunami propagation inside the Barcelona Harbour has also been studied. The initial condition and 
situation after 5 minutes are plotted in Figure 6.10. The simulation starts with steady flow conditions and with 
the free surface inside the harbour affected by the initial disturbance. At minute 5 the wave is leaving the 
harbour and there are velocities over 1m/s in the northern entrance and over 2m/s the southern mouth. At 
minutes 10 and 15 (Figure 6.11) the wave crest propagates out of the harbour in northeast direction, 
meanwhile inside we have shorter waves and velocities over 1m/s. In the northern entrance high velocities 
can be appreciated and the flow changes, initially leaving the harbour and later affected by the crest outside 
the port, changing its direction inwards. In the southern entrance an eddy with velocities over 1m/s appears. 
The same effects are observed during the next 20 minutes (Figure 6.12 and Figure 6.13): differences 
between wave length and height in and out the harbour, and high velocities and eddies in the entrances. 
Seven gauges have been placed to study wave characteristics inside and outside the harbour and in its 
mouths (Figure 6.14). Gauge 1 is placed in the northern entrance, gauge 2 in the outside and gauge 3 in the 
southern mouth. These three gauges are placed at 20m depth. Gauges 4 to 7 are located inside the harbour 
at 15m depth except gauge 4, placed at 10m depth.  
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Figure 6.10: Tsunami propagation Grid D. Initial condition and condition after 5 minutes for fault 8 scenario. 
Left: Free surface elevation (m); Right Flow velocities (m/s). Bathymetry contour lines every 20 m. 
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Figure 6.11: Tsunami propagation Grid D. Snapshots at minutes 10 and 15 for fault 8 scenario. Left: Free 
surface elevation (m); Right Flow velocities (m/s). Bathymetry contour lines every 20 m. 
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Figure 6.12: Tsunami propagation Grid D. Snapshots at minutes 20 and 25 for fault 8 scenario. Left: Free 
surface elevation (m); Right Flow velocities (m/s). Bathymetry contour lines every 20 m. 
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Figure 6.13: Tsunami propagation Grid D. Snapshots at minutes 30 and 35 for fault 8 scenario. Left: Free 
surface elevation (m); Right Flow velocities (m/s). Bathymetry contour lines every 20 m. 
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Figure 6.14: Numerical gauge position in Barcelona Harbour for fault 8 scenario. Bathymetry contour lines 
every 20 m. 
The free surface elevation registered in gauges 1, 2 and 3 is shown in Figure 6.15. The wave is similar in the 
three gauges. The trough reaches first gauge 3 and propagates in north direction, to gauge 2 and later to 
gauge 1. When it arrives to gauge 3, the depression has grown from 2m to 3m, in 3 minutes. The maximum 
crest registered is 2.5m at minute 55 in gauge 2.  
 
 
Figure 6.15: Computed time series of water elevation during fault 8 scenario in Barcelona Harbour outside 
and entrances 
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In Figure 6.16 the free surface elevation registered in gauges 4 to 7 during the event has been plotted. Two 
phases can be differentiated in the wave propagation. In the first one, until minute 85, there are shorter 
waves. The higher wave is found in gauge 6, ranging from 1.2m depression to 1.2m crest, and with a 25 
minute period. After minute 85 the waves acquire the same frequency and similar wave heights. At this time 
crests up to 1m height and depressions around 0.5 m are found. The wave periods approach to 50 minutes. 
 
 
Figure 6.16: Computed time series of free surface elevation during fault 8 scenario inside the Barcelona 
Harbour 
The maximum and minimum water elevations registered during the event are shown in Figure 6.17. The 
harbour dikes block the highest wave heights, smaller than the harbour defences. Consequently overtopping 
during the event is not expected. Inside the harbour there is almost uniform maximum and minimum 
elevation distribution. According to the data registered by the gauges, the general maximum and minimum 
elevation is 1m (positive and negative respectively).  
The velocities and the wave heights registered during the event inside the harbour could be hazardous for 
the anchored or manoeuvring vessels. According to ROM 3.1-99 these conditions will be enough to stop 
most of the activity inside the harbour, although further studies should be carried out because of the wave 
long periods.   
6.3. Ebro Delta 
The Ebro Delta is classified as Natural Park, and its low topography makes it a vulnerable area to flooding 
due to long waves.  
In Figure 6.18 the maximum water elevation in the Ebro Delta due to the tsunami triggered by fault 25 is 
shown. As seen previously, even with relatively small wave heights there are significant flooded areas. The 
maximum free surface registered is 1.5m and the maximum run-up is 2.29m. 
Four gauges around the Ebro Delta have been placed (Figure 6.19). Gauge 1 is located in front of L’Ampolla, 
gauge 2 in front of the Tortosa Cape, gauge 3 in L’Eucaliptus coast and gauge 4 in la Banya peninsula. All 
the gauges are placed at 10m depth. 
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Figure 6.17: Maximum and minimum free surface elevation in Grid D for fault 8 scenario. Bathymetry contour 
lines every 20 m 
 
Figure 6.20 shows the registered water elevation in the four gauges. The wave arrives to gauge 1 with a 
small 0.2m depression at minute 60, and reaches its 0.55m maximum elevation at minute 80. It reaches its 
maximum free surface depression at minute 135. The wave at gauge 1 has a 50 minutes period. At gauge 2 
the trough leading wave arrives at minute 25 with a 0.24m depression. It reaches its maximum water 
elevation 0.78m at minute 60, and it has its maximum 0.42m free surface depression at minute 115. The 
initial wave in gauge 3 is similar to that of gauge 2, longer and with smaller wave heights, but after the first 
crest it reaches a maximum free surface depression (0.55m) and is followed by a 40 minutes period wave 
with a 0.6m crest. The water surface starts with an initial depression at gauge 4 because it is in the initial 
disturbance area of influence. It reaches its maximum (0.59m) free surface depression at minute 15 and its 
maximum (0.68m) water elevation at minute 40. There are not significant water elevations after the maximum 
crest. 
Figure 6.21 shows the flooded area for the tsunami triggered by fault 25 scenario. The waves inundate 
completely L’Eucaliptus urbanization, partially other urbanized areas, and up to 6 camping’s in the area. 
Most part of the flooded terrains are farming wetlands and marshes. The total area flooded is near 65 km
2
, 
the 20% of the Ebro Delta total surface.  
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Figure 6.18: Maximum free surface elevation in Grid C3 for fault 25 scenario. Bathymetry contour lines every 
10 m. 
 
 
 
Figure 6.19: Numerical gauges position in fault 25 scenario. Bathymetry contour lines every 10 m. 
 
 81 
 
 
Tsunami hazard and modelling along the Catalan Coast 
 
 
 
Figure 6.20: Computed time series of free surface elevation during fault 25 scenario. 
 
 
 
Figure 6.21: Flooded area in red for fault 25 scenario in the Ebro Delta area. 
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7. Conclusions and future work 
In this thesis a tsunami hazard analysis in the Catalan Coast related to the active faults mapped in the area 
has been carried out. This analysis has been realized in two steps. First, the problem has been approached 
using the WCTSA, developed within the framework of the EU-funded project SCHEMA. The potential hazard 
sources in the study area have been identified, those with 𝑀𝑤7 or major earthquakes associated, and five 
different cases have been run, one for each source. In the second part of the study, the data from the 
WCTSA has been used to identify the areas with major associated hazard and more precise hazard studies 
have been performed.  
To realize the study the numerical model COMCOT, a shallow water equations solver, has been used. The 
model needs a series of parameters from the fault sources to reproduce the initial disturbance, and 
bathymetry and topography data to propagate the waves and calculate the run-up. 
For every case in the WTCSA the wave initial disturbance and propagation along the Catalan Coast is 
shown, as well as the wave evolution in different locations where numerical gauges have been placed, and 
the maximum free surface elevation. The WCTSA final outcome is an aggregated scenario that shows the 
hazard distribution related to all faults, and how each fault contributes to the worst-case scenario. 
In the hazard analysis, the areas with major hazard associated have been studied, being previously 
identified, triggering the tsunamis associated to the fault that contributes more in each case. For each area 
the maximum free surface elevation and inundation are shown, as well as the wave propagation using the 
numerical gauges placed in the area. A further inundation study has been realized identifying the areas 
flooded and plotting the results in Google Earth. A more precise study for the Barcelona Harbour area has 
been performed, where the wave propagation together with the velocities recorded inside the port are 
shown. The wave evolution in several gauges placed in and out the harbour and the maximum and minimum 
water surface recorded during the event are presented too.  
The WCTSA shows a higher hazard concentration in the north-east Catalan Coast, between the Gulf of 
Roses and Barcelona. Nevertheless, the hazard exists too in the rest of the coast, and in the areas of 
Castellón and the Balearic Islands. In the northern coast waves with 1.2m to 2.8 m crests arrive to the coast 
between 10 and 20 minutes after the earthquake. Most of the waves have periods between 10 and 25 
minutes, except for the Gulf Roses case where waves have up to 48 minutes periods. Almost all the wave 
trains have a principal leading wave higher than the following, but in some cases these following waves are 
higher than the first wave. The maximum water surfaces registered in the northern coast events go from 
3.2m up to 5m. In the southern coast less powerful events are found. The waves registered have crests up to 
0.8m that reach the coast after 10 minutes in some cases and even 40 to 60 minutes in other cases. The 
wave periods, on the other hand, are similar, from 10 to 15 minutes. The maximum water surface registered 
in the southern coast is 2.2m. Some cases present trough leading waves, showing a water retirement before 
the crests reach the coast. During the different events we can see how the bathymetry affects wave 
propagation, and how landforms as canyons and bays have an important influence, leading the waves to the 
coast or concentrating wave energy respectively.  
In the hazard analysis we see that waves registered by the numerical gauges are similar to the upper level, 
showing a convergence in the results and highlighting that there is no need of very precise bathymetries for 
the tsunami propagation. Besides that, this detail level is necessary to carry out flooding studies. In the Gulf 
of Roses case the maximum run-up registered is 4.83m, to be expected from a maximum 4m free surface 
elevation registered, and the maximum inundation reaches up to 1.7km inland. The tsunami floods a total 
area of 23km
2
, including urbanized areas as Empuriabrava, and several camping’s. In the Barcelona area 
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the maximum run-up registered is 4.38m, a bit smaller than the maximum water elevation registered, 5.5m. 
The wave reaches 2km inland and floods 8.5km
2
, including part of the Barcelona Airport. Inside the 
Barcelona Harbour the coastal defences reduce substantially the wave heights, from 6m outside to 2.5m 
inside.This reduction is not enough to eliminate the hazard for the vessels anchored or manoeuvring in the 
port. During the event velocities greater than 1m/s have been registered inside the harbour and up to 2m/s in 
the entrance, where eddies can also be found. These conditions would force to stop the activity in the 
harbour according to ROM 3.1-99. In the Ebro Delta case, the maximum run-up measured is 2.3m, a 50% 
higher than the maximum water surface registered, 1.5m. The wave floods up to 65km
2
, most of it wetlands, 
but also including a series of camping’s. 
We can conclude that, although associated to a low probability of occurrence, the hazard in the region is 
important. Urbanized areas, camping’s and the major part of the beaches along the Catalan Coast result 
flooded by the events in a short time, and during the peak season the risk associated would be too high. The 
ports, including the Barcelona Harbour, will be affected too, causing significant economic loses. Ports are not 
the only infrastructures affected. Part of the Barcelona Airport results flooded by the waves. The Vandellós 
nuclear power plant in its 22m height platform is safe from inundations, for the events modelled in this study, 
assumed to be the worst-case credible scenario. Measures to inform the population about the possible 
hazard should be taken, together with further hazard analysis studies, including sensitivity analysis for the 
unknown parameters. 
The 2004 Indonesian tsunami and 2011 Japanese tsunami displayed the lack of knowledge in the areas, 
being both events more powerful than the worst-case expected. Further analysis should be done in the 
seismological characterization of the area, so we can produce more precise hazard analysis. These studies 
cover the fault movement potential and their probability, so Probabilistic Tsunami Hazard Analysis (PTHA) 
can be developed in the area. 
Improvements in the numerical models will be mandatory too, including better topo-bathymetric datasets. 
Numerical models like the one used here can propagate tsunamis, but they break when the wave breaks 
onto the coast and in the interaction with structures (Liu et al., 2008). The use of more realistic models to 
study the flooding process in realistic hazard analysis should be encouraged. Also, the use of the terrain 
(urbanized, forest, marshes) has an impact in the flooding process. It will be useful to characterize the coast 
and being able to introduce these data into the numerical models.  
Further studies on the tsunami impact inside the Barcelona Harbour should be realized. After minute 80 we 
see that all the different gauges inside the harbour have a similar behaviour, meaning the entire harbour 
changes its water surface level at the same time. Resonance inside harbour is produced by long period 
waves, such as tsunamis, and can amplify the wave heights and extend the duration of the event. 
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